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Chapter 1 


INTRODUCTION 

In recent years the rapid growth of information needs has made 
obvious the requirement for more efficient and cost effective use 
of communication channels and the necessity for optimal information 
content in each transmission through these channels. This report 
presents the results obtained to date in an extensive research and 
development program, which offers an important partial solution to 
this problem, being carried out at Case Western Reserve University. 

The program involves, first, the design, development, and 
construction of a novel black-and white and color Variable Frame 
Rate Television System (VFRTS) which permits video transmission over 
channels having less than the standard 4.5 MHz video bandwidth and, 
second, a system for electronic recording, transmission, and repro- 
ducing holographic information. The VFRTS system has been success- 
fully demonstrated and preliminary , encouraging, results have been 
obtained with the holographic system. 

The novel feature of the VFRTS system is that it combines the 
large analog storage capability of a magnetic video disc as a mass 
memory with the reliability of digital technology for the actual 
time es^ansion and compression. The use of a magnetic .disc for 
video frame storage makes expansion to multiple frame storage a 
simple matter of adding appropriate read-write electronics for each 
new channel rather than adding a complete new memory for each, as 
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required in all digital systems. In addition, the use of a novel 
technique for transmission of color video signals resulted in a 
requirement for relatively modest modifications of the original 
black-and-" white system. 

The holographic transmission system, by employing a phase 
modulated reference wave, enables electronic recording, transmission, 
and reproduction of holograms using a conventional television format, 
with a low resolution, nonintegrating camera and a coherent mixer. 
When combined with the video disc system it offers the potential 
capability of producing a wide perspective hologram by appropriately 
combining several narrow perspective holograms. 

Because of the volume of material that has been generated 
relative to the nearly-completed VFRTS system, we have chosen to ’ 
present this report in three volumes. In addition, Volume I is 
further subdivided, as described below: 

Volume 1: 1. Technical design considerations and system 

operation of the black-and-white VFRTS. 

2. Progress report on the electronic holography 
system. 

Volume 2: Technical design considerations and system operation 

of the color video VFRTS. 

Volume 3^ Flow diagrams, schematics, parts lists, etc., for 
the black-and-white and color VFRTS systems. 

In -Chapter 2 of this volume each of the subsystems of the black- 
and-white VFRTS is discussed. In Chapter^ 3 the progress made to date 
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on the electronic holography system is discussed. While each 
chapter has concluding remarks about the system discussed therein. 
Chapter 4 presents general concluding remarks. 



2. VARIABLE FRAME RATE TELEVISION SYSTEM 

2.1 INTRODUCTION 

2.1.1 BACKGROUND 

The point-to-point transmission of visual scenes' is regularly 
accomplished by real-time television systems. For private users the 
transmission channel may take the form of a coaxial cable, microwave 
system, or optical link. The basic requirement which’ must be satis- 
fied by all these transmission techniques is that of sufficient band- 
width; the U.S. standard television signal requires a minimum of 
4.2 MHz baseband response. While slight reductions are possible, 
pictxjre quality deteriorates rapidly for channel bandwidths below 
2 MHz. Attempts have been made to select reduced resolution real- 
time scan formats allowing bandwidth requirements to be relaxed to 
'v 1 MHz but the difficulty of realizing even this more modest require*- 
ment is immense if one is forced to use inexpensive narrowband 
channels such. as those provided by equalized land- lines or high 
frequency radio links. 

' 1 - * 

Wideband transmission channels present a trade^^off among cost, 

performance and versatility- Microwave systems are probably the 
most cost-effective solution for point-to-point transmission in that 
the technology is mature and short-hop AM terminals are relatively 
inexpensive (<$10,000). Line of sight limitations and licensing 
requirements in conjunction with frequency allocation problems posed 
by potential adjacent- channel interference present the microwave 
user with a relatively limited and expensive network capability. 

This is especially so in, crowded urban areas where channels are be- 
coming increasingly difficult to obtain. While in principle cable 
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systems utilizing repeaters can be run over large distances in vir- 
tually any network configuration, the cost and time involved in the 
installation of such facilities renders them impractical in all but 
a very limited set of circumstances such as in-house video distri- 
bution or large ccanniercial cable television systans. How then might 
individual interactive users separated by tens or hundreds of miles 
exchange visual information without ente3rtaining the exhorbitant 
costs of dedicated wideband transmission facilities? 

A solution of this difficulty is afforded by a system configura- 
tion known historically as slow-scan television, whose chief charac- 
teristic consists of transmitting much less information than the 
real-time format by means of frame-rate reduction; that is, real-time 
transmission is sacrificed to attain reduced bandwidth and hence an 
affordable and versatile transmission channel. Some systems use 
special cameras and monitors designed to operate at significantly 
reduced scan rates, but if motion occurs at the transmission site, 
the camera inevitably blurs the image. The received picture is 
built up slowly on a long retention C.R.T. monitor; these displays 
generally employ green or yellow phosphors, have small viewing size 
('V 4" diagonal) , suffer from low resolution and exhibit spatially 
non-uniform image brightness. These characteristics tend to make 
slow-scan television a psychologically unpleasant viewing medium and 
applicable to a relatively small class of telecommunication user 
needs . 


If one wishes to transmit clear, stable, high-resolution 
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linages using a reduced bandwidth format, some form of video buffer 
memory is needed, both at the transmission site to prevent blurring 
and at the receiver to allow for a stable, flicker-free image which 
can be processed and displayed using conventional television equip- 
ment. Conceptually the tr^smit buffer is loaded with a single pic- 
ture or television frame at real time rates ('V' 1/30 second) and 
unloaded at a considerably slower rate - hundreds or thousands of 
times more slowly to match the available channel bandwidth. At 
the receive site the buffer operates in reverse, i-e., it is loaded 
slowly from the channel and then circulated at real-time rates to 

continuously produce a stable full -bandwidth video signal for the 

♦ 1 
monitor* Of course a picture cannot be received while one is being 

displayed unless two receive buffers are employed, multiplexed 
such that one is being loaded from the channel while the other pro- 
vides the previous signal for display* In this fashion no time is 
lost waiting for a transmission to be received and the monitor up- 
dates at the maximum rate allowed by the channel* 
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2.1.2 SYSTEM OKTECTIVES 

The evolution of this project has dictated certain major criteria 
which must.be satisfied in the system specifications. This section 
examines those needs in the light of available technology. Necessary 
performance objectives include: 

1) Ability to interface standard television inputs and 
•displays . 

2) Constant, steady displays at the receive site with no 
attendant waiting period for picture buildup. 

3) Maximum frame update rates consistent with available 
channel bandwidth and system complexity. 

4) Transmission of color stills without penalty of 
decreased resolution or increased transmission time 
oyer monochrome transmissions. 

5) Utilization of cost-effective technical solutions to 
make available low-cost terminals. 

6) Picture quality appropriate to heme viewing standards 
rather than the more stringent studio quality called 
for in conventional microwave network transmissions. 

Video buffer memories allow the first three criteria to be 
satisfied. Transmission of the baseband video signal in a timebase expands 
form, and hence bandwidth reduced, affords the fastest possible 
transmission speed without complex bandwidth compression algorithms, 
which vastly increase the cost and complexity of a terminal and 
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inevitably result in degradation for certain types of picture detail. 
A further advantage of this scheme involves system checks and main- 
tenance - the reduced bandwidth signal is an exact duplicate of the 
real-time signal. Inspection of test signals present in the vertical 
interval can be readily made to evaluate system performance. For 
example, standard raultibiirst and sine-squared pulse signals inserted 
in the real-time television signal prior to transmission are thus 
carried through all processing steps and can be inspected in the 
narrow band channel as well as at the receive terminal after time- 
base compression. 

The direct timebase expanded analog format also lends itself 
to NTSC color transmission without significant system electronics 
alterations and with no inherent penalty in resolution or trans- 
mission speed. It must be understood, however, that channel require- 
ments, particularly in group delay flatness become more ’ stringent 
and must be controlled by proper equalization procedures. 

Television picture quality is necessarily subjective; it is 
difficult ’to assign an "optimum" trade-off in terms of signal-to- 
noise ratio, resolution, transient response, etc. Table 2.1 out- 
lines eleven distortion parameters which, can be used to characterize 
color picture quality;, both studio and acceptable viewing standards 
are compared. Effort was made in constructing this table to deter- . 
mine a rationale for picture acceptability and the appropriate nota- 
tions explain the decision criteria. The acceptable standards out- 
lined form a basis for overall system picture quality, but are only 



TABLE 2.1 


(References appear on next page) 




TELEVISION SIGNAL DISTORTION 

LIMITS 


TYPE 


TEST WAVEFORM ’ 

STUDIO SPEC 

ACCEPTABLE SPEC 

1) 

“K" - Factor* 

2 T Pulse and Bar 

K » 1.0 - 

K - 3. 0-5.0%^ 

2) 

•Tilt 

Full Field 60 Hz Squarewave 

0. 5-1.0%^ 

5%^ . 

3) 

Frequency Response 
(dc-4.2HHz) 

Hult Iburst 

Flat .+ 0.25 

6 

Ji) 

Ch rom 1 nan ce/|,um f nance 
Delay 

12.5 T Nodulated 
Sine-squared pulse 

2* 

deferred 

100 nsec (flat)^ 
250 nsec Uhaped) 

5) 

Chrominance/ Luminance 
Gain 

M 

deferred^ 

Satisfied by 3) 

6) 

Differential Gain 
9 3. $8 HHz 

Stairstep modulated with 
20 IRE unit CW subcarrler 

APL Max.^ 
10% I.Odb 
50% 0.6db 
90% I.Odb 

+ 2 db® 
(any APL) 

7) 

Differential Phase 
^ 3.^8 HHz ' 

It ‘ 

• APL Max 

T6% +?> 
50% . ♦ 1.5® 
90% + 2.0° 

+ 6°® 

(any APL) 

8) 

Chrominance into 
Luminance 

Nodulated Pedestal 

No Spec 

+SIRE units 

3) 

10) 

Luminance Nonlinearity 

Signal to Wideband 
Noise Ratio 

Stairstep 

No Spec 
56db' 

{walg/)¥ld) 

+ 5% 

• I.6db ££ ^ 
(welghEe§) 

H) 

Signal to Hum Ratio 

— 

kO db 

30 db 
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Methods of Waveform Testing, Pulse and Bar - ”K" Factor, 

A. B.C. Laboratory Report No. 26, A. N. Thiele 

EIA Specification RS-250A, "Electrical Performance Standards 
for .Television Relay. Facilities"., Feb. 1967.. 

B. B.C. Eng. Div. Technical Instruction V5-Sine-Squared Pulse 
and Bar Testing Methods, Mar. 1961. 


EIA Specifications RS^170A, "Electrical Performance Standards 
Monochrome Television Studio Facilities", Nov. 1957. 

Can be arbitrarily reduced using keyed clamping in video 
processing amplifiers; ail 106 proc' amps have this feature. 


The most crucial factor observed by the experimenter concerns 
the smoothness of the roll-off, not the absolute attenuation 
at the band edge. 

Lessman, "Subjective Effects of Delay Difference Between Luminance 
and Chrominance Information of the NTSC Color’ Television Signal", 

SMPTE Jouimal, Vol. 80, No. 8, Aug. 1971, pg. 624. 

> 

Cavanaugh, J- R. , et al. , "Subjective Effects of Differential 
Gain and Differential Phase Distortions in the NTSC Color 
Television Picture", SMPTE Journal, Vol. 80, No. 8', Aug. 1971, 
pp. 623-624. Values reflect BBC study; U.S. results using slightly 
different acceptability criteria are ^1.4 db. and + 5° 
respectively . 


Consistent with available S/N of non-studio quality B a W and 
color television cameras. 
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intended as. a benchmark. 

In summary, the transmission .system should include video buffer 
memories at each terminal, employ direct timebase ^panded signals 
throughout and will seek to satisfy the picture quality levels listed 
in Table 2.1. 

The next section explores various technologies applicable to video 
buffer memories and identifies the most cost/performance effective 
approach consistent with stated objectives. 
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2.1.3 VIDEO MEMORY TECHNOLOGIES 

It can thus be seen that the principle sub-system needed for 
high quality narrowband television transmission is indeed a video 
buffer memory. These memories must be capable of real-time opera- 
tion as well as slow access and they should not perceptably degrade , 
the picture signal-to-noise ratio or resolution. Desirable features 
further include non-volatility, low initial cost, (three are required 
for a single simplex channel) , high reliability and low maintenance 
costs. The technologies available for such memories are shown in 
Table 2.2 which includes an evaluation of pertinent characteristics. 

Minimvrai criteria for a suitable video buffer technology include 
low cost, and small size, weight and power consumption consistent 
with acceptable technical performance. Estimates for these para- 
meters for a hypothetical 6 frame capacity memory sufficient for a 
full-duplex channel appear in Table 2.3 . Inspection of Table 2-3 

indicates that the magnetic video disc offers an optimum choice for 
a video memory for multiple frames. This advantage becomes even, 
more -pronoxinced if a single disc with multiple heads is configured . 
as a buffer for a multi-channel narrowband video system. For 
example, a ten channel full-duplex system would require 3 x 10 or 
thirty frames stored at each location. 

The current trend in digital memory technology shows promise 
in cost, size and power reduction for frame storage. For appli- 
cations which require a mechanically rugged package— mobile, air- 
borne, or space borne digital technology would be the appropriate 



TABLE 2.2 


COMPARISON OF MOST COMMON VIDEO STORAGE TECHNOLOGIES 


Multiple 



Single Frame 

Store 

Frame Store 

Mass Store 


Storage 

Digital 

Video 

Quadriplex 

Characteristics 

Tube 

Frame Store 

Magnetic Disc 

Videotape 

storage Method 

Direct Video 

PCM (Typ. 8 bit) 

Analog FM 

Analog FM 

Access 

Random 

Random 

Parallel or 
Serial 

Serial 

Access Time 

-4 , -3 

. -7 


Shuttles at 

'V/lO -10 sec 

10 sec 

'v< 10 sec 


^-103 

frames/sec 

Luminance Linearity 

3% 

< 1% 

1% 

1% 

Lvtminance Resolution 

'\<30-40 levels 

256 levels 
(8 bit) 

Continuous 

Continuous 

Volatility 

10-15 minutes 

Non-volatile 

Non-volatile 

Non-volatile 


typ. 

w/battery 

backup 



Storage Capacity 
Cost Range 

1 Frame 

1 Frame/Store 

1-10 Frames 

10-10 frames 

'v«$5000-6000 

$10,000-30,000 

$3000 - 

$100,000- 




100,000 

200,000 

Direct Color Storage 
Available . 

No 

Yes 

Yes 

Yes 

Support Complexity 

Moderate 

High 

Moderate 

High 

Reliability 

Moderate 

High 

Moderate 

High 

Expected Maintenance 

Low 

Low . 

Low 

High 



TABLE 2.2 (cont'a) 


Characteristics 

Storage 

Tube 

Digital 
Frame Store 

Video 

Magnetic Disc 

Quadriplex 

Videotape 

Parts Replacement 


- 



Costs 

High 

Low 

Low 

Moderate 

Cost/Prame Stored 
Suitable as Video 

High 

Very High 

Moderate 

Very Low 

Buffer 

Yes 

Yes 

Yes 

No 

Typical 

Manufacturer 

Princeton 

Electronic 

Products 

Quantel 

Ampex 

An^ex 



TABLE 2.3 TRADEOFFS FOR 6 FRAME VIDEO 


Parameter Storage Tube 

Est. Cost for Basic 

Memory 'v<$30,000 

Memory Volume 8 cu. ft. 

Weight 300 lbs. 

Power Consumption 1.5 kw 


BASED UPON CURRENT COMMERCIAL PRODUCTS 
Magnetic 

Video Disc Digital Frame Store 

$ 10,000 - 

. 20,000 < <> i $ 100,000 

2-4 cu. ft. 'V 12 cu. ft. 

30-50 lbs. -V 350 lbs. 

0.2-0. 3 kw 1-2 kw 


H 
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choice despite the increase in cost. In the future it is expected 
that an all digital memory could become a ‘most cost effective 
solution for video memories of limited capacity. It should however 
be emphasized that frame capacity es^ansion is a direct expansion of 
hardware in the digital memory, whereas the disc need only acquire 
additional tracks, which are naturally available on the continuous 
magnetic surface. A single moving head' can access hundreds of 
individual frames (if one frame is recorded per track) on a single 
10" disc memo 2 :y. -It can, be clearly seen that for bulk picture stor- 
age and processing, the magnetic video disc will still occupy a 
respectable technical position for many years to come. 
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2.1.4 MONOCHROME SYSTEM 

- Prototype Requirenient& 

To establish criteria for prototype constiniction, several 

* 1 * ^ 

basic design decisions had to be made at the outset. The target 
criteria were: 

1) Simple point-to-point simplex .operation over 
dedicated landline.. 

2) Picture quality ccamnensvirate with real-time 
television. 

3} ■ Choice of suitable frame refresh rate in 
accordance with, viewer -iacceptability. 

4) Choice of appropriate transmission format. 

A transmitter unit and receiver unit were constructed, each with 
its own disc memory. Both cein be expanded to become an actual trans- 

^ V J 

ceive terminal by additional video heads and electronics. Timebase 
alteration is performed in each unit by digital sampled data systems. 
Thus the number of samples per line must be sufficient to resolve 
the required image detail. The resulting sample clock must be at 
least twice the highest fre^ency to be recovered in the video signal 
to avoid aliasing errors (Nyquist’s Theorem) . To reproduce a 4.2 
MHz video upper bandlimit, a clock of approximately 10.2 MHz was 
chosen as it allows sufficient guard betnds for realizable video low- 
pass filters, but yet covers virtually the entire visible television 
line using 512 samples, a convenient multiple of 2. 
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The mmber of actual line periods per frame is. 525 in the U.S. 
system; not all carry visible picture detail* Of these^,480 are 
sufficient to fill the screen and not significantly .distort the aspect 
ratio of the picture* The resulting number of sait^les to be trans- 
mitted is 245,760 per frame. If these samples are PCM encoded and 
digitally transmitted, to the receive terminal, the required minimum 
channel capacities can be calculated for various sample word lengths. 
Table 2.4 illustrates these requirements for various compression 
factors and quantization levels* It should be borne in mind that 
anything below 64 levels /; pixel (6 bits) is not sufficient to produce 
an acceptable picture quality due to quantization noise. For color 
transmission 256 levels C8 bits) are required due to highly visible 
chrona noise. 

Table 2.5 illustrates analog channel bandwidths and trans- 
mission times for various compression factors. It can be seen that 
a 15 KHz landline will allow a refresh in 5 seconds, which corresponds 
to 150-200 Kbs. 

Some discussion has been devoted to. digital vs. analog trans- 
mission formats, and the comparison has shown that the only technique 
with potential for rapid* enough updates is analog transmission. At 
this point one may usefully ask: what refresh rates are useful? 

Ad hoc tests conducted in our facility revealed that real-time* or 
very near real-time (l.e., 2 to 3 times compression) displays were 
psychologically identical and the* latter only failed when violent 
picture movement occurred. The region from 10 refreshes per second 



TABLE- 2.4 COMPARISON OF CHANNEL .CAPACITIES FOR PCM DIGITAL TRANSMISSION* 


Word 


Approx . 


Required Bit Rate** 


Length 


Quant. S/N 

- 

Compression 

Factor 


(bits) 

Levels 

(db) 

1 

75 

300 

1500 

4 

16 - 

• 24 

29.4 Mbs 

393 .-2 Kbs 

98.3 Kbs 

19.6 Idas 

5 

32 

30 

36.8 

4894 

■ 122.8 

24.5 ; 

6 

64 

36 

44,2 

589.8 

147,4 

29.4 

7 

^128 

42' 

51.6 

688.1 

172.0 

34.4 

8 

256' 

48 

1 

58.9 

786.4 

1'96.6 

39.2 

* Data reflects quantization of 

245,760 samples/frame* 




** Actual bit rate must be higher to include word and block formatting bits 
for field and line identification. 



TABLE 2 • 5 


COMPARISON OF VARIOUS POTENTIAL VFRTS BANDWIDTHS 


Bandwidth 

Compression 

Factor 

1 

(real-time) 

75 

300 


Typical 

Analog 

Channel 


Available * Bandwidth Transmission Time- 

Storage (flat to+^25db) (seconds) 

Mechanisms Field • Frame 


• coaxial cable 

• microwave 

• satellite 

• optical 

• all of above 

• equalized 

land lines 

• point-to-point 

radio trans- 
mission 

• all of above 

• ,studio-to-tfansmitter 
audio links 

• broadcast FM 

• ultrasonic links 


• all of ^ove 

• dial-up telephone 
network ' 

• voice grade channels 

• broadcast AM 


• videotape 4 . 2 

recorder 

• videodisc 

• digital frame store 

• instrimientation 56 

recorder 

• floppy disc 


• high quality audio 14 
. tape recorder 

• phonograph records 

• optical film sound 
track 

• floppy disc 

• low quality audio 

• audio tape 
recorder 

• floppy disc 


MHz 1/60 1/30 


KHz 1-1/4 ' 2-1/2 


KHz 5 10 


to 

o 


1500 


2 . 8 KHz 


25 


50 
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to about 1 refresh, is an area of some interest; viewers generally agree 
that the jerkiness of virtually all movements creates annoying dis- 
tractions. This observation is quite pivotal in the overall system/ 
channel configuration; it indicates that beyond a certain bandwidth, 
additional channel capacity would only serve to irritate the viewer - 
Note that a 56 KHz channel {Table 2.5 ) provides a refresh every 
1.25 seconds. This is just about the fastest update interval that 
can be tolerated. Any capacity beyond this should be used for time- 
division multiplexing groups of VFRTS channels. For instance, one 
real-time channel can accommodate 75 narrow-band 56 KHz channels. No 
alteration of ciny kind is required in the transmission chain because 
the actual signal in the channel would be identical in every way - 
except that sets of line pairs are extracted from different program 
inputs. Mixes of various refresh rates can also be accommodated in 
this scheme and thus some channels are near real-time and others are 
virtually FAX type channels, updating every few minutes. 

It has been established that the useful range of frame-rate 
updates lies in the several second to one minute region. For most 
efficient transmission, analog channels should be used, requiring 
bandwidths from 60 KHz to 3 KHz, respectively. For the prototype, 
a 5' second refresh was chosen with a corresponding 15 KHz channel. 

The unit is designed however to allow any slower transmission rates 
to accommodate narrower transmission channels with minor filter 
replacements. A brief treatment of prototype operation follows. 
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2.1.5 PROTOTYPE CONFIGURATION 

A single channel transihission system prototype was con- 
stmcted to demonstrate that these concepts* could be realized using 
video disc storage technology. Separate functions are divided into 
defined subsystems according to Figure' 2,1 , This figure illus- 

trates the inter-related functions of these groups for the monochrome 
system which was assembled ahfi tested ,^d demonstrated. The heart of 
each terminal is the Master Timing/Sync Group which provides digital 

" f 

reference signals for system operation- The Servo Group accepts 
these electronic reference signals .and seeks to control the motor/ 
disc assembly to produce uniform disc rotation synchronized to the 
television field- In the case of the transmit terminal (Figure 2.2), 
fixed video heads mounted around the periphery of the video disc 
write and read information from dedicated circular tracks - one head 
per track. The television frame is stored at the transmit terminal 
in the ^ form of two sequential fields, one field per track. A standard 
industrial quality monochrome television camera, driven by the Timing/ 
Sync Group, delivers video the the Mod/Demod Group which converts it 
to a frequency modulated carrier compatible with -the disc/head 
transfer function- This spectrimi is...written upon and recovered 
from the disc via the magnetic heads. During read operation the FM 
spectrum is demodulated yielding the' original video- This still 
frame can be displayed on -a monitor and simultaneously processed for 
transmission by the Time Base Expander Group (TBE) . The TBE receives 
video and parallal digital data from the Data Group. The^e data 
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Figure 2.1. Complete VFRTS Block Diagram 














Figure 2.2. Transmit Terminal Group Block Diagram 
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tracks allow precise location of lines and picture sample points 
within each field to be determined despite inevitable minor irregu- 
lar i'ties in disc rotational speed. A 300X expanded version of the 
stored analog video signal emerges from the TBE. Since the TBE is 
an all digital processing system, its analog output consists of a 
discrete "stairstep" signal exiting a sample and hold circuit. 
Necessary bandlimiting and channel filtering is accomplished by 
delay corrected filters in the Channel Equalizer Group before analog 
transmission. 

Similar filters in the receive terminal (Figure 2.3 ) • band- 

limit the inccming low frequency video signal to ranove \mwanted 
noise introduced diiring transmission. The Time Base Compressor (TBC) 
samples active lines from the low frequency composite video and 
temporarily stores them in line memory. During this process, the 
Data Group monitors disc locations physically assigned to each video 
line and signals a write operation when the disc memory is in the 
appropriate angular position. Thus, incoming lines are transferred 
to the disc via timebase compression (x300) which restores original 
spectral content. The line-writing process continues until an 
entire field or frame, depending upon desired operating mode, is 
built up in memory. At this point the video output is switched to 
the most recently written picture and new data begins to be written 
on the imdisplayed. tracks. In this fasion a flicker-free display 
is provided to normal TV monitors. 




to 


Figure 2.3. Receive Terminal Group Block Diagram. 
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Basic system design goals and configurations have now been 
established. The sections that follow will explore each major 
subsystem -in some detail, outlining pertinent theoretical and 
practical design considerations. Group performance specifications 
will be ascertained and evaluated. The next section deals with 
the Master Sync/Timing Group. Subsequent sections treat the 
following groups; Servo, Mod/Demod, Data, TBE/TBC, and Channel 
Filters. An overall summary emd concluding remarks will re-empha- 
size the primary concepts and designs; goals for the transition 
to full color transmission will be established. 
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V„,2.2 MASTER SYNC/TIMING GROUP' 


2-1 INTRODUCTION 

This group generates the master clocks,, sync and timing signals 
for each terminal (see Figures 2.4 and 2,5) . The crystal-controlled 
16.3636 MHz oscillator on MOSC (98) serves as the reference for, all 
subsequent signals. One clock from this card, MCK (2.04545 MHz) , 
feeds a television- sync generation chip (MM5320N) on. MSYNC GEN (77) ; 
horizontal and vertical drive signals are fed directly to the trans- 
mit terminal TV camera via the SYNC DiA- (70) , which raises the drive 
level from TTL -to EIA sync standards. Composite sync is processed 
on the R/W TIMING. (100) board, which decodes timing information 
within the vertical interval. The FRAME R/W CONTROL (101) contains 
foinr independent controllers that allow frame storage for an asyn- 
chronous write command; it receives vertical timing signals from 
- (100). A block diagram of the group is shown in Figure'2.6 ; card 
sch^atics and alignment procedures are available in Appendix a2.1* 

2.2 MOSC (98) 

The crystal oscillator integrated circuit (MC 12 06 IP) provides 

a 16.3636 MHz TTL-compatible signal to a 74163N counter programmed 

to count from 2-9' cyclically. The Q , Q , and Q outputs yield 

ABC 

square wave clocks of 8.1818 MHz, 4.0909 MHz and 2.04545 MHz respec^ 
tively. Buffers are included to drive TTL and coaxial lines. Both 
oscillator and counter are powered by an on-card integrated circuit 
+5V regulator for isolation. 
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.2.3 MSYNC GEN (77) 

The 2.04545 MHz clock feeds an integrated circuit television 
sync generator chip' (MM5320N) which provides the following timing 
signals: 


1) 

MCOMPSYNC 

2) 

MCOMPBLANK 

3) 

MBURSTGATE 

4} 

MBURSTSYNC 

5) 

MHORDRIVE 

6)- 

MVERTDRIVE 


All signals conform to the required color timing standards pre- 
scribed by NTSC specifications (see Figure 2.7 ). MCOMPSYNC is 
processed to yield the vertical timing signal MVERTSYNC; timing rela- 
tions are illustrated for field 1 vertical interval in Figure 2.8 , 
lines 1 and 3 respectively. A data selector enables these signals 
to be distributed to the system either from the sync chip or from an 
external source, such as the PROC AMP (106 A/P) (see Mod/t)emod group). 
In this fashion timing for the disc servo can be referenced to an 

i 

incoming composite video signal, such as a test generator, for 
check-out and alignment. 

2.2.4 SYNC D.A. (70) 

The sync distribution amplifier drives the camera vertical and 
horizontal deflection systems with a 4 Vpp negative-going signal at 
75fi. TTL sources from MSYNC GEN (77) are inverted and passively 
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clamped; the most positive portion of the waveform is ground referenced 
by the* clamp diode. A video buffer amplifier on each channel provides 
output gain and impedance matching to 75J2 coaxial cables. 

2.2.5 R/W TIMING GEN (100) 

Vertical interval timing and control signals are generated on 

(100); refer to Figures 2 -6, 2. 8.: MVERTSYNC is passed through a 

serration eliminator and blank gate generator. BLANKGATE (Fig. 2.8 

line 14) is used to control data selection in the Data Group. 

MCOMPSYNC, H, H and the processed MVERTSYNC feed the field I.D. logic, 

which generates positive-going H/2 duration pulses Fl and F2 at 

P P 

the beginning of each field between serration 1 and 2. These toggle 
a latch to provide FLDl and FLD2 high-true signals. Head select 
(head switching command) lines are triggered at the beginning of 
the second serration, approximate 32 psec later. 

Phase- locked loops are used in both the Data Group and TBE for 
clock recovery; during head switching the input signal is temporarily 
disconnected. To prevent the PLL from wandering far from the correct 
frequency, a PliHOLD command (Figure 2,^8; 13) is generated. 

2.2.6 frame RA^ CTL (101) 

All foiir channels on 101 cire identical. A negative -going write 
pulse command (WPG) is routed to a latch which holds the state for 
inspection at the beginning of field one. The R/W logic switches 
the output lines from read to write at the beginning of the 3rd 
serration (see Fig. 2.8, 2.9) • Write lines remain high for two 
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consecutive frames; the double-write process insures complete erasure 
of the previous picture from the disc tracks. An over-ride pushbutton 
allows manual writing; if the button is latched down, recording takes 
place continually until.it is released. During the record process, 
the output display monitor shows the live video signal, as the deraod . 
sub-group is connected directly to the modulated RF signal supplied 
to the video heads. This live mode of operation is termed "E-to-E" 
and allows frames to be recorded without an annoying flash on the 
transmit monitor during frame storage. 
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2.3 SYSTEM DESIGN: SERVO GROUP 

2.3.1 Preliminary Remarks 

It has been established that a rotating magnetic video disc ex^ 
hibits many desirable qualities for television image storage- The 
actual signal for one field is written via a tiny magnetic head 
which floats on an air cushion of 8-10 yinches at a fixed radius. 

The resulting circular track contains magnetic flux transitions 
which when sensed later by the same head reproduce the original 
image. In order to accomplish this, the disc must rotate such that 
it completes exactly one revolution for each television field of 
incoming video. Thus a separate electronic system must provide 
control signals to the motor which constantly maintain this absolute 
timing relationship. A flow diagram (Figure 2.10) illustrates the 
actual algorithm and system monitoring necessary to achieve suit- 
able disc control. Subsequent sections of this chapter will explore 
the theoretical difficulties and demonstrate the rationale for 
various design decisions. 

2.3.2 Principle Design Difficulties 

The most difficult problem to overcome in the use of a rotating 
magnetic disc for video buffer memoiry applications is the unavoidable 
timebase instaibility due to the rotating mechanical system. This . 
is reflected in the reproduced television signal as loss of syn- 




39 



SET MIHSPEED. 
LINELOCKt LAG/LEAD 
SERVOLOCK-FALSE 



ENABLE TACH 
PROCESSING AND 
COINCIDENCE 
DETECTOR 


WAIT 0 TO 30 
SECONDS AS DISC 
SLEWS TO INDEX 
HATCH 




lADJ. e ERROR j 



r 

NO ^ 

servolock 

^ j 

FALSE 

KO ^ 



r*" 

HEADS UP 

1 l 

HEADS OFF 
miTE OFF 

L. 


KEADSDOWN 

FALSE 


[i£S 

KEADSDOWN 


TRUE 


Figure 2 . 10 


Video Disc Servo Control Algorithm, 






40 


chronization and image tearing. Since one often requires switching 
between stored** and "live" channels, the timebases of the two sig- 
nals should be matched sufficiently so that no erroneous synchronizing 
information is produced during switching. 

Since we must not misidentify any of the synchronizing pulses, 

the required stability is determined by the narrowest pulses present 

in composite sync, the 2 ^sec wide equalizing pulses, which precede 

1 

and follow the vertical interval. We are led to conclude that 
stabilities on the order of < 1 usee per revolution would be adequate 
to assure **glitch-free" switching to and from the stored image* As 
an upper limit, it is also recognized that deviation exceeding one- 
half of an active line time (or 'v 34 ysec) would be intolerable 
because an entire line of sync could be lost. 

Large discs (> 12" dia) often employ synchronous motor drive 
to achieve constant RPM; the associated large moment of inter tia 
(a(dia)'^) assures adequate timebase stability. Small discs (4-7"dia) , 
however, can exhibit + 20 usee deviation or more when driven in this 
fashion - some form of feedback servo control is necessary in this 
case. The design of such a system usually employs a two-track 
glass substrate optical tachometer disc and sensor mounted on the 
disc drive which provides: 1) a high-frequency (10-50 KHz) signal 
proportional to disc speed and 2) a low frequency position index to 
allow precise matching of the stored and live picture signals. The 
high frequency feedback signal is locked to the desired reference 
horizontal line rate stripped frm composite sync via closed loop 
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control of the dc-servo motor? a phase-locked loop (PLL) is ideally 
suited for this application^ The following sections will cover the 
mechanical and electrical design concepts employed in achieving a 
low-cost, compact servo drive ♦ 

2.3.3 Disc Platfom Mechanical Design 

In the present work an aluminm substrate disc 0.2." thick and 
6.5” in diameter was adopted for storage of 4 MHz bandwidth tele- 
vision signals; it is both capable of the required performance and 
cost effective. Design and fabrication specifications are given in 
Appendix 2.2 . To provide required disc/head velocities of 

> 1000 i.p.s., the disc is rotated at the television field rate 
(approx. 3600 RPM) ; hence, one field is recorded per revolution. 

A brushless dc motor was chosen for the disc drive, primarily 
because of its linear torque-current characteristic and RFI free 
operation. The motor’s rotating magnetic field is produced by a 
electronic commutator circuit which sequentially switches current 
to the four field windings. Motor dimensional drawings, detailed 
mechanical and electrical specifications and electronic commutator 
description are exhibited in Appendix 2,3. 

During operation the video heads do not actually touch the 
disc surface, they are intended to "fly" 5-10 ]iin. over the magnetic 

coating. Consequently, wobble at the disc periphery must be held 
2 

below 0.001’^ to avoid head "crashes" or contact with the surface. 

The disc drive spindle assembly serve to attach both the magnetic and 
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optical discs to the motor shaft, whose ball bearings support the 
entire mechanism* This direct drive assembly is shown in Figure 2.11 
in section view. To achieve the required disc runout tolerance, 
final spindle machining (Figure 2.11, part 2) is performed with the 
piece mounted on and driven by the motor itself. This technique 
regularly produces a runout error (wobble) of less than .0001"/!” or 
'X/ .0003** total indicated runout (T.I.R.) at the disc edge* 



Figure 2.11 - Disc Drive Spindle Section View 

1} motor 

2) spindle 

3) video disc 

4) spacer 

5) optical tach disc 

6) washer 

7) nut. 
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The motor flange bolts to a 10“ square alimiinum plate, shock 
moimted at the corners to isolate mechanical vibrations to the instu- 
ment and to reduce the effect of external disturbances on the disc 
drive. Top and bottom photographs of the complete platform assembly 
are shown in Figure 2,12^ 

To reduce the complexity and expense of the usual twin-track 
glass optical tachometer system, an Inexpensive 525 line plastic 
tach disc is used instead.* One transparent section is made opaque 
and this section is detected electronically to provide disc position 
information (Figure 2 •13). Thus a single composite timing track 
serves the purpose of providing both disc speed and absolute posi- 
tion. Only a single tach sensor is required,, eliminating the mechani- 
cal and electrical difficulties and costs associated with completely 
separate timing tracks. 

The tach sensor consists of a small lamp-photocell assembly; 

5 

the lamp is operated at reduced voltage for extended life 10 hrs} * 
As the tach rulings pass through a slot between the light source and 
photocell, an approximately sinusoidal voltage is produced propor- 
tional to the amount of illumination reaching the photocell. The 
sensor is mounted over the video disc on an extension arm which can 

★ 

Dynapar Corporation, 1675 Delany Rd., Gurnee, 111. 60031. The 525 

lines correspond to the ntimber of lines in a U.S. television frame. 

If European CCIR specifications were required, a 625 line tach could 
be easily substituted, with slight servo-control time constant 
modifications . 






Bottom View 


Figiire 2.12 Top and Bottom Views of Disc Platform Assembly 
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SLIT 


Figure 2.13 Optical Tachometer Disc. 
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the vertical interval of the composite TV reference; it ftirther pro- 
vides long term drift correction for changes in high frequency loop 
gain due to variations in components and environmental conditions 
such as temperatvire , air- loading of the disc, bearing wear, etc. 

Two innovations employed by the designer provide the most 
constant possible drive torque to the disc assembly - 1) 180° field 
commutation and 2) constant current drive. If the four field windings 
are switched in sequence, one refers to this as 90° communtation? the 
resulting torque as a function of rotor position as shown in Figure 
2.15. The pulsed nature of the torque is 



Figure 2.15 a) 90° winding commutation 
b) 180° winding commutation 

a typical feature of finite-pole dc machines and is termed "cogging". 
Often times, commercial disc drives use servo motors with printed 
rotors having hundreds of separate poles to reduce the torque ripple 
proportionately. The electronically commutated dc motor, however, 
offers an option of 180" commutation providing ahnost constant torque 
to the load (as shown in Figure 2.15b ). The only departures .from 
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this flat torque profile are due to non-linearities of the Hall-effect 
sensors and drive transistors (Appendix 2^3 contains an analysis 
of the 180® commutator circuit) * These slight remaining variations 
can be reduced still further by controlling the motor drive current - 
since torque is linearly related to winding current for a dc machine. 
This combination of drive techniques makes the four-pole motor appear 
to have a virtually infinite number of poles and a smooth torque 
profile. 


2.3,5 High Frequency Servo Loop Model 

Figure 2.16 below is a block diagram of a conventional PLL 
motor controller. The motor transfer function is derived in Appen- 
dix 2.4 . Straightforward analysis yields the open loop transfer 

ftinction. 



HIGH FRmUENCY SERVO LOOP 
Figure 2.16 High Frequency Servo Loop 


S^(ST + 1) 

m 


O.L.T.F 
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with 


K 

O 


KKKK 
0 12 3 




(2.1a) 


It is worthwhile to notice that when driven by a control voltage, the 
motor contributes a pole at: 


m 


T 

m 


R Z J 


( 2 . 2 ) 


R 

ZJ 


= motor back EMF constant (volts/rad/sec) 

2 2 

= motor torque constant (Kg*m /amp* sec ) 

= • rotor winding resistance ( Si ) 

2 

= total moment of inertia of rotor and load (Kg*m ) 


In Appendix 2.4 , Section A, oj^ is calculated to be: 


bl 

m 


0.385 


rad 

sec 


(2.2a) 


It is in this respect that a motor-control PLL differs from an 

all electric PLL - the motor can be thought of as a VCO with a pre- 

ceeding low pass filter whose cutoff frequency is determined by the 

mechanical time constant, x ♦ ‘ 

m 

Because the order of the PLL is three, a root locus evaluation 
is desirable to observe stability and loop dynamics as a function of 
loop gain, K^. Solving for the roots of the characteristic equation 
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for various values of loop gain yields the so-called root locus, 

whose roots "follow a locus"’ from the poles to the zeroes' of the open 

loop transfer function. In this case we have three poles, and three 

zeroes; two poles at the origin and one at - — , one zero a'fc - 

• '^2 

and two. at infinity. For the s^e of illustration, choosing t. = IOt 

z m 

we get the locus shown in Figure 2.17a. Notice that the two roots 
from the origin follow the closed circle, forming for a certain range 
of K^, a dominant complex pole pair as shown in 2.17b. This low gain 
value yields good filtering but narrow bandwidth - consequently slow 
acquisition. If the loop gain is increased to a higher value, a 
second complex pole pair is fointied (note same damping radial) influ- 
enced by the simple root on the negative real axis as shown in 2.17c. 
This configuration exhibits wider bandwidth, faster acquisition -and 
poorer filtering qualities. Thus it can be seen that two distinct 

"regions" of operation can be had, depending upon the loop gain. 

'!h< 

It is of further benefit to note the effect of moving the 

filter zero closer to the motor pole. If we choose t. = 6t ,' the 

- ^ 2 m 

locus of Figure 2.17c results. Now the circle opens and joins the 
asymptote without ever retvirning to the negative real axis. This 
particular form has some advantages relative to the previous one - 
it exhibits wider bandwidth for the same loop gains and has a region 
of optimum performance determined by the relative influence of the 
simple pole proceeding toward the j« axis with increasing gain. 

Figure 2.17 , parts d and e illustrate two extremes of this behavior. 
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Figure 2.17 


Various root loci. 
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Finally, it can be seen that for some regions of gain, the roots will 
lie on a portion of the locus proceeding radially outward from the 
origin - hence for some range of loop gains, the damping constant for 
the complex pole pair remains virtually unchanged - only changes. 
Thus the. "fo23o'' of the loop dynamics can be held within tight toler- 
ances relative to loop gain variations. It will later be shown that 
both qualities occur in the same region of the locus. 

It has been mentioned before, however, that a more desirable motor 
control parameter is the winding current, rather than the drive vol- 
tage. The motor current transfer function is derived in Appendix 2,4 
Section B and the associated servo block diagram is shown below in 
Figure 2.18. 

The open loop transfer function for this configuration is: 


O.L.T.F. 


V1V3 


2J 



F(S) 

2 

s 


(2.3) 



tdKit! frequency servo loop 


Figure 2.18 
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If we choose F(s) to have the form of a lead network (Eq. 2,4) , 


P(s) 




T S+i 

r- ] 

S-1^1 _ 


K 


S + (>) 

2 

S + 0)^^ 


] 


' (2;4T 


the two O.L^T*F.*s have identical forms (same root locus) with some 
significant changes in parameters. Note that (K^/2J) for the current^ 
controlled motor is lumped into the loop gain and that has been 

replaced by This is a great advantage because we have complete 

. control of and x^ in the loop filter since they are determined 
by passive electronic components. Variations in motor parameters 
and motor loading are now contained in the loop gain - so ail system 
variation will be exhibited in this parameter. By choosing the opera-* 
ting point appropriately on locus C of Figure 2.17, the loop dynamics 

are relatively unaffected by gain variations. 

« 

2.3.6 Choosing Parameters for Maximum Closed Loop Bandwidth . 

The disc servo should exhibit the maximum bandwidth possible 
to ‘‘track out" disturbances introduced within the loop due to bearing 
anomalies f loading variations, etc. In order to optimize the design, 
the effect of the real pole upon the complex pole-pair of the closed 
loop transfer function must be considered; fortunately, the situa- 
tion is simple enough to be treated without extensive analysis. 

Figure 2.19 illustrates the effect of the pole at s = -p^ on; the 
complex pole; both noinnalized risetime and % over-shoot are con- 
sidered. If we constrain g = 0.7 it can be seen that for 
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Figure 2.19 Effect of Real Root upon Complex Pole Pair. 




^ 2 , there is no significant effect upon loop dynamics, thus the 


n 

real pole can approach the projection of the complex pole pair as 
shown in Figure 2.20 below without significant reduction in band- 
width. 





Figure 2.20 Optimum Root Placement. 




55 


The choice of cmtroller open loop zero and pole locations is 

now purely a function of lead- network design, given that we wish 

0 ) = 6(13 to yield our desired root locus. In principle, the 

pole zero • jr f 

only limiting factor on loop bandwidth is the point at which the 
magnetic flux within the motor ceases to increase linearly with rotor 
current, i.e., the magnetics begin to saturate, and drops - lowering 
loop gain. In practice, however, it is fomd that non-uniformity of 
the optical tach.» rulings creates a control frequency whose instan- 
taneous value is a function of rotor angle.. For constant reference 
fre( 5 uency, the disc rotating frequency, 0 ^ is really a function of 
disc angle and can be expressed as: 

» . 

0 6(2n7r + 0), n e 1 , where n is a positive integer (2.5) 

It might first be thought that this induced rotational variance 
would have a disastrous effect on video luminance linearity, as the 
modulation process is EM. In fact, all that is required is that 
Eq. ;(2.5) holds , namely that this variation be constant for each 
revolution. In this fashion the signal is reproduced just as it was 
recorded and the speed variation is self -cancelling. 

Since the optical tach disc is inexpensive, it exhibits greater 
ruling non-uniformities than the etched glass versions, hence, it is 
the dynamic range of induced control current variations which' deter- 
mines the upper limit on loop bandwidth if we wish the motor current 
to flow for a full revolution. It was found experimentally that 
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the maximum frequency for the controller zero was approximately 
20 rad/sec to meet this criterion. The actual values used in the 
controller were: 

= “poxe “ rad/sec (2.6a) 

^2 ~ “zero “ 19*25 rad/sec (2.6b) 


The lead network can now be expressed as 


F(s) 




s + 19.25 
s + 105 


(2.7) 


where is determined by the actual circuitry. It should be noted 
that the zero is located 19.25/0.385 = 50 times farther out on the 
negative real axis for the current controlled loop-, a bandwidth 
improvement of 50. Larger bandwidths can be had by increasing the 
precision of the tach rulings at the price of increased' expense and 
complexity of -the tach system. 


2.3.7 Root Locus Analysis 

K (s + 19.25) 

O.L.T.F. = ~~ — ^ r (2.8) 

s + 105 s 


zero @ 19.25 rad/sec, 

poles @ 105 rad/sec, 0,0 

K « 
o 


Total Loop Gain 



TABLE 2.6 


Roots of Ch^acteristic Equation 


K 

. o 


^r . 

Re {p^} 

Im {p^} 

100 

- 

104.22 

- 0.39115 

4.2799 

500 


100.99 

- 2.0036 

9.5546 

1000 


96.719 

- 4.1407 

13.486 

2000 

- 

87.115 

- 8.9425 

19.026 

4000 


59.538 

-22.730 

27.867 

6000 


31.259 

-36.876 

48.327 

8000 

- 

25.870 

-39.565 

66.238 

4300 

- 

53.579 

-25.710 

29.730 

4500 

- 

49.406 

-27.797 

31.315 

4861 

- 

42.406 

-31.297 

35.030 


Figure 2.21 shows tHe behavior of the locus for loop gains 
varying from zero to 8000. The region of optimality occurs for 
4000 < < 5000. This value of gain results in the following loop 

dynamics : 

•V 

1. ( 0 ^ = 40 rad/sec 

'V/ 

2. C = 0.7 

3. response to step in 6 or 0 to within 10% error 
< 65 milliseconds 

A* 

. loop bandwidth, f = 


4 


6.4 Hz 
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2.3.8 Functional Circuit Description 

The Servo Control Group consists of four circuit boards whose 
interconnections are shown in Figure 2.22. Actual board functions 
are illustrated in Figure 2.23 and related timing diagrams in Figure 
2.24. 

Upon poweriup, board 33A processes the television sync reference 
signals MCoSiSYNC and MVERTSYNC to yield HORREF and F2^ VERT INDEX 
respectively. These waveforms are^ shown in Figure 2.24r sub--figures 
12 , 13,, 10, an"d 11 . - The high frequency servo loop, contained on 
board 43B, receives these signals and provides drive to the voltage- 
to-current converter and electronic commutator located oh board 108 
to bring the disc up to speed. The composite optical tach signal, 

t 

illustrated' in Pigxnre 2,24;, stib-figure 1 t passes to the tach pro- 
cessing electronics on 33A (see Fig. 2.23). This subsystem gives an 
indication when the disc reaches approximately 3000 RPM (MINSPEED, 

u 4 

Figure 2 . 2476 ) and enables the missing pulse detector. (Pig. 2.23) to 
generate a phantom pulse (INSERT, Fig. 2.24^4) . As the disc nears 
3600 Rl©, this pulse is included for 3 out of every 4 revolutions, 
causing the disc to slew at about 0.1% speed increase past the 
reference waveform, HORREF. The vertical coincidence detector pro- 
vides a positive indication when the TACH INDEX (pig. 2. 24; 9) aligns 
with the VERT INDEX. At this point the disc is locked in speed and 
position with the reference signals, and LINELOCK is enabled. 
Simultaneously, the tach processor includes the INSERT pulse in 





NOTE. I. THE SERVO GROUP IS lOCATEO W TV€ UPPER Ef^CLOSURE 
ZWiR£ COUDR INDICATED fft RESISTOR COLOR C60C*<X) 



Figure 2.22 
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Figure 2.23 Functional Block Diagram of Servo Control Group 
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the composi,te tach data stream on every revolution, insuring the 

disc will not slew past the correct index position. 

1 

• Once LINELOCK has been achieved, the low frequency phase 
detector, latch, and differential' integrator on board 43B are 
activated to provide a correction signal to the main high frequency 
servo loop, such that rising edges of the index pulses are precisely 
aligned. The lock detector energizes the SERVO-LOCK line about 10 
seconds after LINELOCK has been achieved, to be certain that the 
lew frequency, loop has had time to align the indices correctly, 

- ^ t. 

Real-time positional error of these indices is monitored every two' 
revolutions and indicated by lAG and LEAD light emitting diodes (LED) . 
During normal operation these flicker uniformly; this' allows simple 
adjustment of the- correct ^ -ADJ offset current (located, on board 43B) . 
Measured disc jitter is on the order of ^ 0.1 ysec peak to peak. 

Switch Si oh 33A will disable the coincidence detection cir- 
■cuitry when placed in the TEST position. This feature allows re- » 

f 

cording frames from unstable timebases, such as those produced by ' 

' * t 

helical-scan VTR's. Switch SI on 43B allows the low frequency phase 
detector loop to be switched out when it is in TEST: this function 
is only needed during initial alignment when the <|> ADJ offset current 
must be set. to place the indices in registration for no net correc- 
tion by the low frequency loop. 

The control range of the low-frequency loop is approximately 

H 

or about + 15 nsec. Figure 2.25 illustrates the typical control 



Timing Error (Microseconds) 
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Figure 2.25 Open Loop Timing Error vs. Control Voltage 
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vs. <j> ADJ provided in 43B. In this case, the proper setting lies 
at about 2.9 VDC. Since loop gains will vary with the actual caon- 
ponents used, this single "zero- adjustment” has been provided to 
allow centering of the low frequency control loop at room tempera- 

f 

ture* The + 15 ysec correction range is more than adequate to 
compensate for system temperature variations from 0®C to 50°C. 

Complete initial alignment and checkout procedures, and 
schematics of the servo boards are available in Appendix 2,6. 

2.3.9 Solenoid Control of Head Lifter 

The video heads fly only when disc/head velocity is sufficient 
to " lift" them off the surface {''» 1000 i .p . s . ) . To prevent the heads 
from contacting the disc during start-up and shut-down, the head 
platforms are retracted and remain approximately 0.05" above the 
disc surface. Servo Group board 97A accepts the SERVOLOCK signal 
from 43B and energizes a solenoid to rotate a control ring beneath 
the disc platform; sT±»sequent angular motion is transmitted to> the 
lifter arms of each head platform to lower the -video heads. This 
board monitors the solenoid power. supply (87 VDC), as well as 
solenoid temperature. Should an overheat fault occur in the drive 
electronics or solenoid, the thermostat will automatically disconnect 
power and give a HITEMP indication which must be manually reset via 
a pushbutton. Positive heads-down indication is provided by a micro- 
switch sensor mounted near the control ring. Both HITEMP and 
HEADSDOWN TTL compatible signals are provided for syst^ monitoring. 
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Switch SI allows manual lockout of the solenoid drive circuit to hold 
the heads in the OP position. 
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2.4 VIDEO MODULATOR/DEMODULATOR SYSTEM DESIGN 

2.4.1 Introduction 

Chcuracteristics of the magnetic record-reproduce process will 
be developed and related to video disc recording parameters in terms 
of recjuired head and disc specifications. Electronics system re- 
quirements are divided into three sub-groups - Read-Write (R/W) 
electronics i modulator , and demodulator electronics . Design- para- 
meters, circuit configurations, and performance specifications will 
be developed and discussed for each sub-group. Overall system 
performance will be evaluated with comments for possible areas of 
improvement. A discussion of the FRAME R/W cycle (transmit termi- 
nal) and LINE R/W cycle .(receive terminal) is given. 

2.4.2 The Magnetic Record/Reproduce Process - Basics 

•When an electrical signal is recorded on magnetic media, the 
tape (or disc) must be magnetized such that a given flux amplitude 
and polarity as a function of tape location represent the signal 
as a function of time. The relative tape-head motion, which is 

i 

(usually) maintained constant during the record or reproduce 
process causes time variations of the electrical signal to be 
translated into spatial magnetic flux variations within the media. 
The remanent flux, within the media can be expressed, for a 
sinusoidal current in the record head as; 
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6 - KXsinoit 2 . 9 

r 


where : j 

(0 
K 
t 


peak current (Amp) 

instantaneous angular frequency (rad/sec) 
read/media loss factor 
time (sec) 


The record loss factor K, is in general a function of the head/tape 
geometry, magnetic material, and frequenci?^* Loss mechanisms involve 
record head losses, media self -demagnetization, and record sepa- 
ration losses*^ In general, these losses (compared with those 
experienced in the reproduce process) modify the record-reproduce 
transfer function primarily in the form ' slightly of decreased 
response at high frequencies. Naturally, they are intimately 
related to the choice of magnetic materials, which is not pertinent 
to this discussion. The interested reader should refer to a recent 
tutorial in magnetic recording for an in-depth treatment of these 
loss mechanisms.^ 

The magnetic flux at any point along the tape can be represented 

asi 

where : x 

X 

Playback voltage is induced in the reproduce head by flux lines 


= K I sin 


2ttx 


2.10 


= linear tape coordinate 

s 

= recorded wavelength = = 


^ tape/head speed j 
record frequency 
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emerging from the media which pass through the head core* The 
amplitude of the voltage is determined by the rate at which a given 
number of flxxx lines cut the fixed number of turns of the head 
windings (Faraday’s Law)* The flux can be represented as: 

d({) 

B - K’ — 2*11 

Vhere: B = emerging flux 

K' = loss factor 

1 

(j) = remanent flux 

The reproduce loss factor, K* , is a complex function of many 
phenomena and will be examined in detail later* This equation may 
be expressed, in the tape coordinate, as: 


B 




2ir 

r — cos 


2ttx 

A 


2*12 


where t = — , f = s/X. , (j> = KX sinwt, K” = KK’s * 

s ‘ r 

The head output voltage, e, is directly proportional to the, 
■number of flux lines cut per unit time; thus: 


e = KI fcoscdt 


vn-r 27f 2 tTX 

or e == K’Is* — cos 

v?here: K - composite loss factor 


2* 13a 
2* 13b 


It is seen that 1) output voltage is proportional to record 

current and frequency, 2) record and reproduce frequencies are 

» 

identical for constant tape /head velocity, 3) record current and * 
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output voltage, have a 90° phase difference for any location on; the 
tape. Next, ^the particulars of video, recording will' be examined. 

2.4.3 Saturated FM Video Recording 

The video spectrum extends from virtually dc through several 
megahertz; direct recording is impossible because reproduce voltage 
approaches zero as frequency approaches dc. Thought of another way, 
the signal to be recorded covers over 20 octaves in frequency. Not- 
withstanding S/N limitations, the recorder would have to cover a 
dynamic range on the order of 120 db (6 db/octave) . Fortunately, the 
video signal may be FM encoded such that the range of wavelengths to 
be occupied within the magnetic medium is reduced to less than one 
decade. An additional advantage of this approach is that FM repro- 
duction depends only upon the density of zero-crossings of the read- 
back signal rather than its amplitude. Thus, sufficient magnetic 
force may be applied to the ‘medium to achieve saturated remanent 
flux, for maximum playback: S/N. The linearity of video lumi- 
nance (amplitude) is only a function of the FM mod/demod^ linearity 
and group delay and is independent of. the linearity of the record/ 
reproduce process. It is necessary, however, to closely examine 
the reproduce losses associated with the head and disc in order to 
specify the FM energy distribution for optimum video performance. 

2.4.4 The Magnetic Reproduce Process 

Equation (2.13a) indicates that reproduce head output voltage 
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increases indefinitely frcan dc as a function of .frequency at 6db/octave 
for constant recording current in the head windings. In fact, that 
is hardly the case. Various loss mechanisms considerably modify the 
reproduce characteristic as shovm in Table 2.7 below. 

TABLE 2.7. 

REPRODUCE LOSS MECHANISMS 



Type 

Frequency Region Affected 

1) 

Finite effective head gap 


2) 

Head-to-tape separation 


3) 

Finite head permeability 

• 

4) 

Head-to-tape gap azimuthal misalignment 

High 

5) ■ 

Head magnetics losses 


6) 

Magnetic* surface losses^ (dynamic head bounce) 

' 

7) 

Media thickness (flux penetration) 


8) 

Media self -'demagnetization 


9) 

Record loss effect 

* 

10) 

A/2 to head contact area losses 

Low 

11) 'Head "bump" 



Perhaps the most significant alteration to the reproduce function 
results from head gap losses (finite scanning aperture) . The re- 
sulting loss factor can’ be expressed as a function of recorded . 

^ - 3,4,5 

frequency as 




73 



The video heads chosen for this system have a nominal gap width of 
50 yin. Narrower gaps would yield higher reproduced frequency 
response, but exhibit readback signal^ of insufficient signal-to-noise 
ratio. Ccanplete head specifications are shown in Appendix A2.7. 

The video head need not be in direct contact with the surface 
of the magnetic disc. .These particular heads fly in an aerodynami- 
cally stable state approximately 8-10 y inches above the surface, 
which eliminates the possibility of head or disc wear. In order to 
achieve a stable f lyiiig' conditioiv. head platf oms were designed to 
allow virtually independent adjustment of head height, pitch, yaw, 
and roll (see Figure 2.26). A triangular head platform located on 
sub-^assembly (1) in the figure is capable of accommodating three 
independent heads spaced on 0.100" centers. Up to 12 platforms (36 
heads) can be mounted around the periphery of the disc. 


The effective head gap varies (due to fringing) from 1.1 to 1.15 
times the physical gap width, g, for various magnetic head con- 
figurations. A figure of 1.12 is often used for video ring heads 
such as those used on disc recorders. 
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Figure 2.26. Head Mount Assembly View. 
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The price to be paid, however, for the advantage of eliminating 
head and disc wear i$ the associated disc/head-^gap separation losses. 

It is intuitively clear that during the recording process the magnetic 
force, H, ,due to head winding- currents, decreases as a function of 
increasing distance from' the head gap. The mjmber of. flux lines 

t 

cutting the core during the reproduce process will also be reduced 

3 

as the head is moved away from the magnetic' disc, Wallace shows 
this relation to be 

Separation. Loss = l = 54.6 ( ^ ) db 2.15 

S A 

d ^ separation of head and disc (in.) ' 

A = recorded wavelength (in.) 

Figure 2.27 shows combined reproduce profiles accounting for 
gap and seapration losses for d values of 0,. 10, 20 and 30 yin. 

It oan be seen that significant losses are experienced for even 
10 yin. separation. Figure 2.28, (courtesy of Davis-Smith Corpora- 
tion) illustrates -the relative sizes of various disc contaminants 
and head-tO“disc separation to give the reader a better feeling 

A 

for the dimensions involved. , 

Finite head permeability further influences the characteris- 
tics of Figure 2.27, but the effects are negligible ccanpared to sepa- 

g 

ration losses. The fourth loss mechanism, head-to-tape gap azimuthal 

t- 

misalignment"* error, can contribute' serious high-frequency losses, 
particularly for machines with inter changable media (audio and 
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Figure 2.27. Reproduce Characteristics Including Head Gap and Spacing Losses. 
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Figure 2.28. Sizes of Various Video Disc Contaminants. 
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video tape recorders, digital disc memories, etc.). The video disc 
with fixed heads is relatively immiine to this effect, as the same 
head platform is used for both record and reproduce processes. The 
design of movincf head arms, however, must be influenced by the 


tolerance requirements to be outlined. 

Azimuthal alignment losses are given by: 

Alignment loss (db) = 20 log,^ { ^ } 

10 o 


where : 6 


TTWtana 

A 


2.16 


W = width of recorded track (in.) 
a = angle of misalignment between record 
and reproduce head gaps (rad.) 

A = wavelength of recorded signal (in.) 


Figure 2.29 illustrates relative losses at fixed frequency 

(10 MHz) as a function of alignement error, a . Figure 2.30 shows 

the frequency dependent losses for, .a = 0, 5’, 10*, and 15', , while 

Figure 2.31 shows ccxnbined gap and azimuth alignment losses. 

It can be concluded that azimuthal tracking requirements 

for a moving head-arm dictate alignment errors less than 1/6® for 

associated read losses under 3 db (see Figure 2.30). 

Eddy current losses and magnetic losses are purely a function 

of magnetic head construction. The primary loss mechanism for 
t 

video reproduce heads is magnetic material losses. This loss is 
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Figure 2.29 Azimuth Loss vs. Misalignment Angle. 
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Figure 2.30. Azimuth Loss vs. Frequency. 
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Figure 2.31. Head Reproduce Characteristic Allowing Gap Loss 
amd Azimuth Error. 
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typically measured by sending a constant current through an auxilliary 
head winding cind measijring the open circuit voltage developed across 
the normal winding. Any departure from a 6 db/octave increase with 
frequency is due to head losses. The video heads used for the disc 
recorder should exhibit a loss of no more than a 1-2 db up to 10 MHz . 
Measurements on closed ring samples were taken and confirmed this 
specification . 

Magnetic surface losses are due to the non-flatness of the 
disc - the loss mechanism is separation loss. The disc/head aero- 
dynamics for a flying video head cause envelope variations ’of approxi- 
mately 10-15% in the playback signal. These irregularities increase 
dramatically when the head and/or disc become contaminated. In 
severe cases the head may not fly at all. For a properly flying head, 
the 1-2 db envelope modulation is not a concern in saturated FM 
recording, but would seriously distort any directly recorded signal 
due to the random nature of the imposed modulation. 

Since no magnetic coating can be made infinitely thin, the 

playback signal for low frequencies has greater amplitude than that 

> 

for high frequencies. This phenomenon is due to increased flux 

contributions from magnetic material located beneath the disc sur- 
8 

face. Analytically this can be expressed as: 


Media Thickness Loss 


1 - e"2^t/A 

~ ^t ~ ^ 2TTt/X 


2.17 


t 


effective coating thickness 
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Table 2 .8 illustrates losses associated -with inner and outermost tracks 
of a video disc rotating at the television fi^ld rate (59,94 rev/sec) 
for 5 uinch effective coating thickness, 

9 

Half wavelength/head contact area and head ”bump“ losses con- 
tribute ,only at low spatial flux densities. The FM*d video spectrum 
lies well above frequency ^regions for which these phencxnena would 
effect the playback response. In the case of a direct recording 
process, as. used in coinmercial audio tape machines for example, 
proper head design concepts must be .applied to^ achieve adequate low 
frequency response. 

S elf -demagnet ization» losses in the magnetic material decrease 
high-frequency response. This can be accounted for qualitatively 
by associating- small, bar magnets with. , each local magnetic domain. 

At long wavelengths most bars are aligned within a given length of 
tape; at higher spatial frequencies more flux reversals exist within 
this same distance. When the magnetizing flux is removed some 
domains will tend - to reverse polarity due to the competing effects 
of nearest neighbors* Naturally? the effect is -more pronounced for 
high spatial variation of flux density. Calculations, based upon a 
more detailed tratement^^ indicate this effect to be negligible 
(<-ldb) up to 10 MHz in this application . 

Some experimenters^^ have found high frequency losses dependent 
upon contact' or non-contact* (heads flying]! recording. "As might be 
expected/ less high frequency readback signal is present for non- 
contact recording. The magnitude of this effect seems to be 
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TABLE 2.8 

CALCULATED PLAYBACK LOSSES DUE TO COATING THICKNESS* 


Frequency 

(MHz) 

Inner Radius 
r = 2.25” 
Loss (db) 

Outer Radius 
5 = 3.00" ' 
Loss (db) 

1 

0.16 

0.12 

2 

0.32 

0.24 

3 

0.48 

0.36 

4 

0.64 

0.48 

5 

0.79 

0.60 

6 

0.95 

0.71 

7 

1.10 

0.83 

8 ' 

1.25' 

0.95 

9 

1.41 

1.06 

10 

1.56 

1.18 

11 . 

1171 

1.29 

* 12 

1.86 

1.41 

13 

2.01 . 

1.52 


Video disc speed 59.94 rev/sec. magnetic coating thickness Spin. 
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approximately 2-3 db at 10 MHz for a video disc with state of the art 
ring heads at tape/head speeds of ^ 1000 i*p,s. The exact mechanisms 
are not completely imder stood and are being closely investigated. 

Figure 2*32 depicts the combined effects of gap, separation, 
magnetic material, and head losses to be expected based upon the 
previously examined loss mechanisms.' Best (outer track) and worst 
(inner track) responses are illustrated. Video heads used on this 
machine have a nominal gap width of 50 micro inches with a produc- 
tion tolerance of ^ 20%. For this reason, expected losses were 
calculated for this range of gap widths. 

2.4.5 Measurement of Disc Write/Read Characteristics 

Experiments were conducted to determine the actual video 
disc write/read transfer frequency response in order to confirm 
theoretical predictions. The necessary interface electronics 
designed for this purpose were later used as a basis for a final 
portion of the design and as such will be described in detail later 
in this chapter. A write amplifier (constant current vs. frequency) 
was developed to drive video heads at current levels up to 100 ma 
from 3 to 13 MHz. Considerable effort was expended to achieve flat 
wideband gain and delay characteristics and low harmonic distortion. 
The same criteria were applied to read amplifier design and methods 
of coupling the video heads to each system. Testing the read amp 
was’ conducted by providing constant current drive to an auxilliary 
video head winding and measuring the resultant amplifier output 
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Figure 2.32 Video Disc Theoretical Reproduce Characteristic 
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voltage* Departures from a strict 6 db/^'ctave increasing slope were 
indications of non-imiform response* After ^ corrections for head 
loss , and electronic imperfections, the disc transfer function was 
determined by successively recording single frequencies from 2 to 
12 MHz* Figure 2**33 shows the experimentally determined response 
of the disc/head pair for the innermost track (worst case) * Verti- 
cal bars indicate^ the range of uncertainty for experimental error 
and variation from head to head. In all, six individual heads of 
the same type were tested to assure a reasonable range of gap widths 
The experimental results, necessary for determination of the 
video FM spectral distribution, are in close agreement with expected 
results, although .high frequency losses are somewhat greater. It 
was concluded that any further investigation and measurement of 
high frequency losses to ’reconcile this data would not be of prac- 
' tical importance -with regard to the application. 

2.4.6 R/W Electronics (57A) 

The read-write ?(R/W) electronics contained on a single card 

(57a) , are divided- into 'three functionaL groups: 1) write amplifier, 

2) head switch, and 3) read^ amplifier (see Fig. 2*34 )* The write 

amplifier must accept the wideband FM video spectrxim and produce 

constant record current in the video head -winding. Constant record ' 

current as a function of frequency produces the optimum trade-off 

4 

between playback S/N and moire effects in the reproduced video. 

The head switch serves to connect the write amp during record to 
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either of two video heads; one head is assigned to each field of the 
television frame. During playback, these same heads are disconnected 
from the write amplifier output and connected to the read amplifier, 
which amplifies and low-pass filters the disc playback spectrum prior 
to FM demodulation. The input and output interface ' with balanced 
bOQ coaxial cable. 

2.4.7 . Write .Amplifier and Head Switch 

The unbalanced write amplifier input is converted to a balanced 
differential signal via a miniature wideband transformer (Figure 
2-35). For saturated recording, head currents 100 ma are required 
over a 1-10 tiiz bandwidth. Constant current operation is achieved 
by a voltage driven differential cascode amplifier with resistive 
degeneration in the emitters (see Appendix a 2.8 for schematic 
diagram) . ,A potentiometer in the emitter legs compensates for im- 
‘ balance in the differential amp. The output signal is coupled to the 
' heads via several wideband transformers and diode arrays as shown ' 
in Figure 2 -35* The diode bridge serves to isolate the read amp 
from the high-level record currents and couples to the diode arrays 
driving each video head. Heads are connected alternately on suc- 
cessive disc revolutions (to provide sequential field recording) 
by the TTL head select lines. 

Initial measurements of head current vs. drive voltage were 
undertaken employing a wideband 100 MHz) current probe in series 
with the head winding. Frequency response (Figures 2.36,2.37) was 
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Figure 2.36. Video Head 
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recordpS^fetrom for v< acitive loads as 

shovmS * It can be seen that increases in drive current occur at 
higher -frequencies, for capacitive loading, which is quite reasonable 
to compensate for head losses# Since expected cable runs are less 

I * y 

than 3 feet, *'a net maximum boost of 2 db is anticipated at 10 MHz* 

Low capacitance (13 pf/foot) shielded twisted pair cables were 
selected to connect the heads to the head output transformers- Figure 
2-3.8 shows final write amp performance over a 30 db dynamic range 
of input signal- The write amp transfer function sensitivity is 
approximately 50 ma p-p/V^_^ input drive. 

Fast switching diodes (IN914B) are used throughout the head 

switch diode arrays to insure flat frequency response and high 

reverse isolation (low reverse capacitance) . Full write current is 

induced within < 1 usee during a head-switching sequence, assuring 

very small glitches in the readback PM spectrum. 

It should be noted that wideband FM* systems for video recording 

12 

are particularly sensitive to second-order harmonic distortion. 

At drive levels of 120 ma to the head winding, 2nd harmonic dis- 

PP . ' 

tortion is -55 db or better from 2-10 MHz; 3rd hainnonics are down 
30 db. 

2-4.8 Read Amplifier 

The read amplifier front end, a casode bipolar pair, is 
coupled to the head switch by another wideband transformer, which 
serves to convert the low level ('^^l mv) differential feedback signal 
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Figure 2.38 Write Amp Current Respose: Magnitude Linearity and Grpup Delay 
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to a single-ended signal to minimize input amplifier noise contri- 
butions • After preainplification the signal is fed to a wideband^ 
two channel amplifiSr which serves to increase the signal level to 
approximately 1 volt rms* Frequency response of the amplifier was 
measured vs. cable loading at the heads (Figure 2^39 ). It can be 
seen that cable capacitance forms a resonant circuit with the head 
inductance causing slight peaking of the output voltage, which is 
desirable. Response is flat + 0, -0.5 db to 10 MHz for about 30 pf 
of' loading. The - 3 db point occurs at 14 MHz for virtually any 
loading under 56 pf , well within the requirements for the FM 
spectral distribution. 

The second channel of the wideband amplifier is used to route 
the FM signal to the demodulator circuits during, recording and 
provides a direct connection (termed **E to E") 'between the modulator 
and demodulator processing circuits. The head switch diode bridge 
provides sufficient isolation of the read amplifier input circuitry 
to avoid damage to the front end during the record* mode. 

These amplifier sections arefollowed. by a low pass filter to 
remove noise -and hamonic distortion products prio^ to limiting and 
demodulation. An equiterminated transitional (Gaussian to - 6 db) 
sixth order loww pass filter (LPF) was designed with a cut-off 
(-3 db) frequency of 10 MHz^^ (see Figure 2. 40 for normalized 
attenuation characteristic) . This type of filter combines rela- 
tively steep rolloff beyond cutoff with flat delay within^ the pass- 
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band (Figure 2.41); the maximum delay occur^s .well' outside the pass- 
,band at 15 MHz. Theoretical passband delay' ib 60 nsec + 3 nsec*,' 
The filter is driven and loaded by ^ 620J2 (equi terminated for mini- 
mum sensitivity to component variations ) , Gain and delay charac- 
teristics of the actual circuit were measured and are shown in 
Figure 2.42 * An emitter follower buffers the filtered signal and 
drives a coaxial cable leading to the demodulator electronics. 


2,4.9 Modulator/Demodulator Electronics Configuration System Overview 
Figure 2.43 illustrates the card interconnections for the 
video memory function of the transmit terminal. The modulator siib- 
group consists of boards 106 A/P, 105 A/P, and 32A, which feed wide- 
band FM to the R/W electronics on 57A. The input board (106 A/P) is 
a video PROG AMP that strips synchronizing information from the 
baseband signal, clamps the video signal sync tips to 'X/ OV arid 
adjusts the amplitude to approximately 700 mVpp. Clamping is 
necessary to prevent picture luminance level variations from affec- 
ting the FM resting frequency, corresponding to video blanking. 

This board also has provision for pre-emphasizing the high-frequency 
picture content for S/N improvement after FM demodulation. The 
next process step is performed in the VIDEO AMP (105 A/P) which 
contains a delay-equalized low-pass filter, gain, biasing con- 
trols to set the ac and dc levels of the pre-emphasized video prior 
to modulation. The ac signal level controls peak-to-peak FM devia- 
tion and the dc bias point sets the frequency corresponding to 






Figure 2.41. Normalized Group Delay Characteristics 

for Transitional Filter (Gaussian to 6 db.) 


t»EUW'CK/5> Cdt*) 



101 




original page !S 
OF POOR QUALITY 
















103 


bilking, which remains fixed, independent of picture content. 
Low-pass filtering, is., necessary to prevent the^ production of extrane 
ous high-frequency sidebands in the modulator. The MOD (21A), con- 
tains a voltage- control led oscillator/ linear-phase filtering cir- 
cuits, an RF buffer amplifier, and channel select relay. Filtering 
circuits remove harmonics from the TTL-generated , carrier prior to 

I 

power amplification to drive the coaxial, line feeding 57A. The 
relay allows either* -of two R/W amplifiers to be driven by the modu- 
lator, a feature necessary only in the receive terminal (see Figure 
2.44 ), since it must have two independent video memories. It 

should be noted that the receive terminal modulator sub-group is 
driven directly by the 'high-speed D/A converter, so.no signal 
clamping is necessary. The LINE WRITE CTL (130) performs channel 
selection and signal routing functions to allow "reading” one 
channel while the other is being witten, line-by-line, into the > 
memory as the encoded picture* information arrives at the terminal. 

The demodulation process is nearly identical in each terminal, 
consisting of a DEMOD (23A) , PfiOC AMP (106A/D) , and VIDEO AMP (105A) 
The DEMOD contains a balanced RF limiter, * frequency doubler, high- 
speed one-shot> baseband LPP, and video preamplifier. Frequency 

t 

doubling is necessary to translate the carrier energy to frequencies 
above the video baseband, which extends to- approximately 4 MHz. 

The high speed one-shot and LPF act as a pulse-coimting dis- 
15 

criminator, providing an output voltage proportional to instan- 
taneous frequency. Such circuits are capable of high linearity 
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(jDetter than 0.1%). with, frequency deviations approaching the carrier 
frequency - a particular requirement for wideband PM video demodula- 
tion. The low-pasrs filter, which, rejects unwanted carrier from the 
demodulated video, feeds a preamplifier that raises the signal level 
to approximately 1 Vpp. Video clamping {.dc restoration) and de-em- 
phasis are performed -on the PROC AMP (106A/D1 which feeds the buffer 
amplifiers' and LPF on the VIDEO AMP (105A) . Additional carrier 
filtering, performed on 105A, is necessary to reduce the FM carrier 
amplitude sufficiently to provide an output video signal/ carrier 
‘ ratio in excess of 60 db. 

The receive terminal demodulator {Figure2.44) operates in a 
similar fashion with two exceptions. Because only luminance inf or- . 
mat ion is written into the memory, the demodulated signal contains 
no synchronizing information- Composite sync (.GCOMPSYNC) : ' 

1) activates 106A/D*s clamp circuits, and, 2) is added -to demodulated 
video bn 105A to produce a standard ccmposite video signal capable 
of driving a television monitor. Subsequent -sections will examine 
board functions, design techniques, and performance specifications 
in greater detail as they relate to transmit and receive terminal 
applications. 

2.4.10 PROC AMP (106 A/P, 106 A/D) 

The processing amplifier card is used, with, slight functional 
variations , in the transmit modulator and in transmit' and receive 
demodulator sub-groups {Figures 2.45,2.46,2.47). The input video amp 
















Figure 2.46 Functional Block Diagram for Receive Mod Group 
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is an ac-coupled wideband video amplifier using a high frequency tran- 
sistor array (RCA 3046 or 3086) and additional discrete transistors 
(see Appendix A2^8 for schematic). After amplification, nominal 
video signal level at TP2 is 8 Vpp . This point feeds two separate 
paths: 1) the sync separator and 2) video clamp and output stages. 

The sync separator section consists of a passive series resonant 

chroma trap, to remove possible color information from the sync 

' > 

region, an active clamp to amplify only that portion of the signal 
occupied by sync, and twin composite and vertical sync separators. 

A 5 volt TTL compatible sync-pulse train (TP4)' is fed directly to 
the compsync separator, a fast comparator (^IiM319) . The same signal, 
after low-pass filtering to re jet all but the vertical sync region, 
feeds the other comparator in the chip. Power for the sync sepa- 
rator circuits, comparator and comparator reference threshold cir- 
cuits is derived from a separate +5v regulated supply, to insure 
stable operation for varying analog supply bus voltages 15v nani- 
nal) , and to isolate the' bus from switching glitches. TTL compatible 
outputs are provided for external use and also key a 1.2 psec one- 
shot (clamp keyer) which is fed, after amplification, to a phase- 
splitting transformer, providing simultaneous pulses of opposite 
polarity and equal amplitude. These pulses are used to turn on 
diodes (2-1N916) in the clamp bridge for the 1.2 ysec clamping 
interval. The clamp reference voltage is buffered from a resis- 


tive divider also connected to the +5V reg power bus. 
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Figure 2 ,48 shows the 1*2 ysec clamp action on the horizontal 
sync pulse. 

Video from TP2 is ac-coupled to the pre^ or de-emphasis net- 
work (suffix on board number P,D indicates which option is in use) / 
loaded by a resistive attenuator to set the peak-to-peak output 
level. An emitter follower bpffers this signal to the clamp capa- 
citor - which is connected to the bridge output* Signal is extracted 
fran the clamp via a second follower with a TILT adjustment poten- 
tiometer to compensate for finite base currents and leakage. Typical ^ 
specifications follow in Table 2-9* 



2.4.11 VIDEO AMP (105A) 

All 105 video amplifier cards consist of an input wideband 
video buffer amp, a 75Q equiterminated delay-equalized LPF, and an 
identical output buffer (Figures 2.45/2.46,2.47). Each buffer amp 
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TABLE 2.9 

106A RROC AMP PERFORMANCE DATA 


Input impedance 

Input signal level (ac) 

Input dc level 

Output signal level (ac) 

Output signal level (dc) 

Frequency response 

Max. Diff Gain @ 3.58 MHz 

Max Diff Phase § 3.58 MHz 

Hum -Rejection 

Tilt @ 60- Hz 

'*K" rating^^®^ 

Power Supply Rejection 


Linearity (stairstep) 
Pre/De-emphasis 
Sync separator: 
outputs 

video S/N for epror ~ 
free sync (minimum) 


75fl + 5^ or bridging > 5Kft 
0.5 “ 2.0 Vpp composite video 

< + iO VDC 

700 mVpp (nominal) 

-0.5 to +4.5.Vdc (OV nominal) 
dc to 4.2 MHz + .2 db 
1.5% (any APL) 

2“ (any APL) 

> 30 db ■ 

< 1 %. 

< 1 %. 

< \% change in any parameter 

for +13 to + 17 VDC 
analog supply bus variation 

< n 

0,5 ysec, 6 db @ 4.2 MHz 

composite sync (EC^PSYNC ) . 
vertical sync (EVERTSYNC) ’ 

25 db 
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.. (see Appendix A2.8‘for schematic! has an open circuit voltage 'gain^^ 

' • i 

of 'v 3 which is flat -1 db* to 5 MHz. -^'A small trimmer capacitor 
(7-25 pf) at the inverting input allows adjustment of the compen- 
sated feedback attenuator. 

The video IjPF is delay-egualized to preserve transient response 
while retaining flat passband and steep skirt rolloff characteristics. 
Magnitude and delay transfer functions, measured on an HP3570A net- 
work analyzer, are shown in Figure, 2.49 - Delay variation over the 
video passband ds less than ’8%, adequate to insure a*”K" factor 
rating of approximately 0.5% for either pulse or bar test wave- 
forms. ‘ 

Amplifier gains more than compensate for the fixed 6 db inser- 
tion loss of the equiterminated- filter. A variable attenuator on 
the input of the second buffer amplifier allows overall voltage 
gains from 0 to 2.25 to be realized when driving a load; the 
nominal gain is 'v 1.4‘ to raise the 700 mVpp PROG AMP signal to 1-0 
Vpp. Overall board specifications appear in Table 2.10. 

2.4.12 VIDEO AMP (105 A/P) 

This* version- of l05, found in the transmit and receive 
terminal, modulator subgroups (Figures 2.45 and 2.46) differs from 
105A' in that the output buffer amplifier has a variable dc offset 
(+3 to +6 V) which allows biasing the VCO on the MOD board (21A) . 

By adjusting the clamp reference on 106 A/P for blanking at OV at 
TP3 on 105 A/P, the dc biasing sets the FM frequency corresponding 
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TABLE 2.10 

105A VIDEO AMP PERFORMANCE DATA 


Input Impedance 

75S2 i 5% or bridging > 

Input signal level 
(nominal ) 

700 mVpp composite video 

Input dc leve) (nominal) 

blanking @ OVDC 

Output Impedance 

75^ + 5% 

No. of independent 
filtered outputs 

k 

Output Blanking level 

OVDC (105A, 105A/D) 


•V k.5 VDC (105 A/P) 

Output signal level 

1 Vpp composite video (105A, 105A/d) 


0.8 Vpp composite video (105 A/P) 

Frequency response 

dc to h.Z MHz +0.3 db 

Max. Diff Gain @ 3-58 MHz 

<0.5^ (any APL) 

Max. Diff Phase @3-58 Mhz 

1® (any APL) 

Tot^l Delay @3.58 MHz 

3 ^ 0-355 nsec 

Hum Rejection 

0 db ' 

Tilt® 60 Hz 

< ]% 

"K” rating^^.®^ 

0 . 5 % Pulse 


1 .0^ Bar 

Linearity (stairstep) 

.< 0.5^ 

Stopband. rejectJon (>6MHz) 25 db or better 
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to blanking* independent of video level. Thus the bias control 
becomes FM CENTER FREQ and the gain control FM DEVIATION with no 
mutual interaction. These features are desirable for ease of initial 
alignment and routine maintenance. 

2.4.13 VIDEO AMP (105 A/D) 

The receive terminal uses this variation of 105A in the 
reconstruction of composite video. Composite sync (GCOMPSYNC) after 
attenuation is added to demodulated disc video in the final buffer 
amp (Figure 2.47) to produce a standard composite video output. The 
schematic If 105 (see Appendix A2.8 ) shows all of the aforementioned 
circuit configurations. 

2.4.14 MOD (21A) 

The video input to .the VCO (iMC4024P) , an .emitter-coupled 
multivibrator is dc-biased to yield optimxm luminance linearity with 
sync tips at 4.0V and a peak-to-peak amplitude of approximately 
800 mV. These values produce an output blanking frequency of approxi- 
mately 12 MHz with peak luminance deviations of 2 MHz^ Sync occupies 
the lower frequencies and luminance the upper regions (see Figure 
2.50). The signal passes through a high speed divider (^2ri74S112) 

to suppress even order harmonics due to deviations from a 50% duty 

17 

cycle in the VCO output waveform. The spectrum at TP 4 (Figure 2.51) 

now contains the desired fundamental and chiefly odd order harmonics 
as desired. The signal is buffered through a diode clipping circuit 
and emitter follower which removes frequency dependent' amplitude 
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Figure 2,50 VCO Output Spectrum (TP2)' 
(Full-field Video Ramp Input-) 



Figure 2.51 Divided VCO Spectrum (TP4) 
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variations and overshoot due to the extremely fast transition times 

('v 3^4 nsec) in the flip-flop output. Both chips are powered by the 

+5V regulated supply on the PROC AMP (106 A/p) . The procedure avoids 

spectral contamination of the VCO due to unavoidable glitches riding 

the +5V TTL power bus. An override low true VCO INHIBIT line is ' 

tied to the preset input of the divider flip-flop, used to remove 

the drive signal to the record electronics during the playback cycle. 

Filtering of the FM spectrum prior to output buffering is 

accoHiplished with an equiterminated (620J2) 6 pole linear-^phase LPF 

with .05° equiripple departures from phase linearity to 1.8 times 

18 

the cutoff frequency of 10 MHz (-3 db) - Figure 2. 52 shows the 
« 

theoretical magnitude response and Figure 2.53 the group delay . 

An attenuator on the filter output sets the input drive level to 
the wideband RF buffer amp, which ultimately feeds the write 
amplifier on 57A. The buffer, similar in design to all video amps 
used in the system has provisions for response flatness adjustment 
(trimmer cap) cind 2nd harmonic distortion minimization (bias pot) . 

A test jumper is included to allow ease of initial settings of these 
adjustments. (Complete hoard alignment procedures and schematics 
are shown in Appendix A2. 8 ). 

2.4.15 DEMOD (23A) 

The demodulator board receives an unbalanced coaxial input 
signal which passes via a wideband RF transformer to a balanced 
limiter (MC1355P) . A potentiometer, LIMITER SYMMETRY ADJ, compen- 
sates for dc imbalance and nulls the even-order harmonics prior to 



Passbartd attenuation, dB 



Stopband attenuation, dB 



Group delay, sec. 



Figiare 2.53. Normalized Group Delay Characteristics for Linear Phase with 
Equiripple Error Filter (phase error = 0.05®). 
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demodulation* The limited signal is fed via second wideband trans- 
former to a frequency doubler consisting of dual hi-speed comparators, 
a pulse forming (differentiating) network, pulse adder, and compara- 
tor- All comparators operate from separate on-card regulated +5 VDC 
supplies to avoid spectral contamination and provide analog supply 
bus isolation* The resulting output signal triggers a 10 nsec one- 
shot, which yields a fixed pulse width whose duty cycle varies with 
instantaneous frequency. At this point FM demodulation occurs (see 
Figure 2*54). Note the demodulated video baseband^ spectrum 

and the doubled carrier energy lying above it. This signal is 

19 

buffered to a sharp cutoff 7-pole Cauer-Chebyshev LPF. The design 
parameters for this filter are listed in Table 2.11. Measured magni- 
tude and delay response of the realized filter .(HP3570A Network 
Analyzer) are shown in Figures 2.55and 2.56 respectively- Slight 



Figure 2 . 54 


One-Shot Output Spec trim 



Figure 2,55 Measured Demod LPF Magnitude Response. 
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Passband RippTe 
Passband 

Stopband Rejection 
Stopband 

Reflection Coeff 
Drive Impedance 
Load Impedance 


TABLE 2.11 

.01 db 

dc - ^.3 MHz 
50.11 db 
5.6T Mhz 
5 ^ 

270.18a 



Figure 2.57. Demodulator Output Spectrum (TP9) 
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variations from design specifications are due to finite achievable 
tolerances - 1-2%) on components, finite inductor "Q’s" 501, 

inductor distributive capacitances, and small additional stray 
capacitances • .. Fi^re 2.57 'shows the demodulator board output 
spectrum? note the suppression of the carrier spectrum after low-pass 
filtering. Circuitry is shown in Appendix A2. 8 • 

2.4.16 » E-E Mod/Demod Performance 

The MOD (21A) output was coupled via a 20db 50S2 pad to the 
DEMOD (23) input; a linear ramp (1 Vpp @ 15Q) was used to generate 
all 'spectra shown for 21A and 23A. Comparison of input and output 
waveforms of the entire group can be seen below in Figures 2.58,2.59. 
Slight glitches on the horizontal sync tips are due to the action of 



Figure 2 . 58 Figure 2 • 59 

Input, Ramp Output Ramp 


10 ysec/div 
1 Vpp @ 75^2 





125 


the key ed-c lamps in both PROC AMPS (106 A/P, 106 A/D) . The output 
spectrum (Figure -2.60) is completely free of residual FM. carrier - 
due to the final LPF on the VIDEO AMP (105A) . 



Figure 2.60 Ramp Output Spectrum 

Baseband video frequency response is illustrated with a reduced 
amplitude .multiburst test waveform; Figure 2.61 is the 1 Vpp 
inp.ut to the modulator subgroup and Figure 2.62 is the resulting 
video output frcm 105 A/D. Slight burst rolloff ('V' 1 db) at 4.2 MHz 
is primarily due to the action of the DEMOD (23A) LPF- The slow 
envelope build-up of the high frequency bursts is again due to; 

1) 'band limiting action of all LPF' s. in the system and, 2) non-uni- 
form group delay of the DEMOD (23A) LPF (see Figure 2.56). The 

latter effect is more clearly discernable when a transient response 

2 

test is made; a sin pulse and bar test waveform is generally used 

4 

(Figure 2,63 )• The output is shown in Figure 2.64, 
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Figure 2.61 Figure 2.62 

Input Multiburst Output Multiburst 


10 ps/d!v 
1 Vpp @ 



Figure 2*63 Figure 2,64 

2 

Input Sin Pulse and Bar Output Sin^ Pulse and Bar 


10 ysec/div 
1 Vpp @ 75fi 
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Four features of the test waveform (Figure 2.64) should' be 

noted: 1) the color burst reference following horizontal sync, 

2 2 

2) a 12. 5T 3.58 MHz modulated sin pulse, 3) a 2T sin pulse, 'and 
finally, 4) the bar. The lift-off of the 12. 5T pulse is due to 
two factors - the* reduction of chrominance gain at 3.58 MHz as noted 
in the multiburst test and unequal chrominance - luminance delay. 

Both impairments are primarily a result of the DEMOD (23A) LPF. 

i 

The overshoots and oscillations of the 2T pulse and bar waveforms 
are due' to the same filter imperfections. 

2.4.17 Conclusions and Recommendations for Improvement 

The chief departures from studio quality video reproduc- 
tion in the inod/demod group are due to the non-uniform group delay 

d 

ch^acteristic (Figure 2.56 ) of the DEMOD {23A)' Cauer-Chebyshev LPF. 

tr 

A series all-pass equalizer cascade, suitably matched to the filter, 
could reduce the variation to less than 5% across the video pass- ’ 
band, which would be adequate to correct these deficiencies. It 
should be pointed, out, however, that the K-f actor for the existing 
system is approximately 2% and is visually adequate for all but the 
most stringent applications; these picture impairments are usually 
only discerhable to trained observers. 

2.4.18 Disc Playback Performance 

Distribution of spectral energy was optimized to provide 
the best possible picture viewing quality. The criteria chosen 
in order of relative importance were: 
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1) Signal-to-wideband noise ratio (maximize) 

2) Harmonic distortion (minimize) 

3) Carrier Feedthrough (minimize) 

4) Transient Response ("X.” rating - minimize) 

5} Frequency Response (flattest) 

6) Luminance linearity (maximize) 

The final distribution was experimentally determined; the 
chosen parameters were: 

1) Blanking (0 IRE) at 5-3 MHz. 

2) Peak White (100 IRE) at 7.1 MHz. 

3) Pr e~emphasis : 0.15 psec, 6 db @ 4.2 MHz. 

Figures 2.65,2.66,2.67 illustrate the following playback 

2 

signals: 1) ramp, 2) multiburst, and 3) sin pulse and bar. Measure^ 
ments were made with a video head flying at a radius of approxi- 
mately 2.25**, which exhibits worst case disc frequency response 
(i.e., it is the innermost track by design). 

Non-linearity is evidenced by close inspection of the ramp 
waveform; this , effect is not discernable in*any picture material. 

A peak of 1 - 1.5 db around 3 MHz can be noted in the multiburst 

. 2 

but, again the visual effect cannot be perceived easily- The sin 
pulse and bar measurement indicates a **K** rating of 2% for the pulse 
and 4% for the bar.. Ringing' .associated with the bar would be 
noticable as fringes around high-contrast picture transitions but 
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Figure 


2.66 


Multiburst 
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Figure 2.67 
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the relatively high ringing frequency causes these oscillations to be 
barely visible. 

Playback signal-to-noise ratio is 40 db + 1 db unweighted, or 
47 db +_ 1 db weighted.* Further increases in FM deviation, which 
would directly increase the S/N, cause objectionable moire effects 
and luminance non-linearity. 

2.4. 19 Conclusions and Recommendations 

It can be seen that the readback signal is a degraded ver- 
sion of E-to-E performance^ as must be the case with FM video repro- 
duction from tape or disc. Additional improvements could be made in 
the read amp circuitry to equalize head signal amplitude and group 
delay which would largely correct the linear distortions present 
(aperture corrector) . Recently acquired network analyzers would 
allow this to be done, but present visual quality is more than 
adequate for the design objectives. Improvements in S/N would 
require careful additional analysis of the head-switch interface 
and read amp for optimum match to the video heads for lowest pos- 
sible noise figure and/or a higher coercivity magnetic coating for 
the video disc. Neither of these alternatives is recommended for 
system use with industrial grade monochrome cameras since S/N out 

* ' 

Weighting takes into account the frequency dependent perception of 
noise on the television monitor; a network is used .to create the 
weighted noise spectrum. (See EIA RS-250A, p. 16 for the schematic 
diagram of the random noise weighting network.) 




132 


of the vidicon preamp is on the order of .42-46 db in normal ambient 
lighting conditions. 

In sximmary, an electronic system was designed to allow storage 
and recovery of monochrome video on, a compact, 6.5." multitrack video 
disc. The performance has been shown to be visually acceptable. The 
next section covers development of a data system which allows the 
absolute location of video information to be determined despite 
mechanical disc jitter. 
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2.5 Data Group 

2.5.1 Introduction . The timebase of the stored video at both 
transmit and receive tei^jinals is not stable, but rather varies in 
proportion to instantaneous disc/Kead speed fluctuations. These 
perturbations are very small {'v<100-200 nsec peak/revolution) for 
any given location on the video disc. In order to generate the low 
' frequency reduced bandwidth video signal from the . stored picture at 
the transmit terminal, lines from disc video must be time sampled 
and temporarily stored for reclocking at a lower sample rate. Like- 
wise the receive terminal must locate incoming picture sample points 
precisely on its video disc, independent of disc speed fluctuations. 
Clearly, the resolution in each case must exceed one sample point to 
avoid blurring and geometric distortions in the final image. 

A manner in which this may be accomplished is to write (at the 
transmit tejoninal) a data channel on separate parallel disc tracks 
simultaneously with each new picture stored for transmission. The 
data read back from these channels must contain all information 
necessary to sample the entire stored video frame tiniformly, without 
being affected by disc speed variation. Similarly, the receive disc 
would contain permanently recorded data tracks which function in the 
same fashion — locating all line addresses and picture elements 
(pixels) within each line — so that sampled video values are always 
placed in registration on the disc. 

How might such a data track be encoded? A suitable method for 
locating the beginning of each line would involve detection and 
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coiinting of the horizontal sync pulses preceeding .each active line . . • 

f - ' 

In addition, a high frequency clock should be available to locate 
samples within the line. Ideally both of these digital signals 
would be. derived from the same data s^tream* If this is to be the 
case, the generation of master sync (which contains the horizontal 
sync pulses needed for line nvimber identification) must be synchro- 
nous with the high frequency pixel sample clock needed to time sam- 
ple the video • The integrated circuit used to. generate, master sync 
' > 

uses an input clock reference frequency of 2.04545 MHz. The lowest 
multiple of this frequency satisfying the Nyquist rate is 10 -227 . MHz, 
the fiflA harmonic. Thus the goals of' the data system reduce to; 

• regenerate a high frequency sample clock . (f^) of 
10-2-27 MHz from disc. 

• regenerate a composite sync stream synchronous with 

r 

f - ’ . 

s • . . . ' • 

2;'5.2 Methods of Encoding' Digital Data' . A wide variety of 
encoding -formats exist for transmission and/or storage of digital 
data. In addition to disc bandwidth and noise power there are other 

t 

parameters to be considered in choosing a correct coding scheme 
(modulation) . Reviewing the pros and cons of the various modulation 
schemes yields the best group of characteristics for a specific 
application. A useful listing of such characteristics is; 

• DC Component - By eliminating all DC from the power 


spectrum the system may be AC coupled 
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• Self Clocking ^ ^ Some codes have inherent self-clocking 
features which eliminate the necessity of providing, a^ 
clock signal to recover the transmitted data. 

• Error Detection Provides the means of detecting data 

errors and may allow error correction. 

^ ' • Bandwidth Compression - Some codes increase efficiency of 
transmission by allowing, for a fixed infojnnation rate, a 
decreased bandwidth thus transmitting more information per 
unit bandwidth. 

The various code^ groups may be classified" as follows: 

• ’ ' Non^^return-to-zero (NRZ) 

• Return-to-zero (RZ) 

• Phase Encoded (PE) 

Multi-level binary (MLB) 

Some of the most popular codes are illustrated in Figure v2. 68. Of 
the four basic* classes, the PE codes exhibit the most -desirable mix 
of features 'for digital magnetic recording.,^ They are , inherently 
self-clocking, can eliminate any DC component, allow bandwidth com- 
pression, and provide, in addition, limited error detection 
capabilities. . , 

The parti cul^ code chosen for data recgrding on the magnetic 
disc is known as Bi-<})-M which conforms to the. following encoding 
rules: 

1) a transition must occur at the borders of eyery data cell 
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.Eigure 2.68- Formats for Various Common Digital- Codes 
Used in Data Transmission and Recording 
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2 ) a "!"• data state will produce a transition in the 
middle of a cell 

3) a "0” data state will not produce a transition in the 
middle of 'a cell.' * 

The data to be encoded consists of realtime composite sync (see 
Master Sync/Timing Group) coming from the sync chip. A synchronous 
data cell clock must be chosen to allow recovery of f^ from the 
data stream. Frequency response limitations of the^ disc/head - 
transfer function and the code spectral distribution dictated 

a cell clock of 4.0909 MHz (twice master clock frequency). The self- 
clocking property of the code allows recovery of this frequency from 
the data stream in order to generate -f^ . 

2.5.3 Data System Configuration . The data group consists of 
four major .subsystems 'which are: 

Digital • Read/Write Amplifier 

• • Encoder/Decoder 

• Clock-Recovery PLL ’ 

• Composite Sync Decoder 

The, digital R/W board accepts a digitaliy encoded data stream and 
directly interfaces to the video heads. The encoder/decoder board 
translates the incoming data into Bi-(j>-M during recording and decodes 
the data stream during reproduction. The ‘clock- recovery PLL accepts 
the incoming data stream from disc and generates the clock required 
to decode the data. Finally, the composite sync decoder regenerates 
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the same group of sync signals as the master sync System directly 
from recovered composite sync. All these signals are, however, 

T 

locked to the disc timebase dtiring playback. 

Figure 2.69 shows the card interconnect diagram for the data 
group. Table 2.12 lists the various cards employed. A brief review 


Table 2.12 
91A 
92A 
93A 
112A 
114A 


DATA GROUP CIRCUIT BOARDS 
Digital R/W Board 
Encoder/Decoder 
Clock-Recovery PLL 
Dsync I Proc 
Dsync II Proc 


of board functions and design features now follows. 


2.5.4. Digital R/W (91A) . This board is a basic modification 
of the video R/W board (57A) , particularly in the reproduce amp 
section. Figure 2.70 shows a functional block diagram of the board - 
The disc playback signal is a differentiated version of that which 
is recorded. To restore the original signal, the preamplified head 
signal is low passed, differentiated, low-passed again and fed to a 
high-speed comparitor. The low-pass filters are classical flat 
delay filters which serve to isolate subsystems in each direction of 
signal flow.' A line driver buffers the TTL data stream to the 
BiT(j)-M decoder board during playback. See Figiare 2.71 for functional 
placement within entire data system. 




Figure 2.69 Data Group; Card 
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Figure 2.70 Digital R/W Board (91A) Functional Block Diagram 
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Figure 2.71 Data Group Functional Block Diagram 
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2.5.5 Encoder/Decoder (92A)i'- .. This ’board (Figure 2 . 71) contains 

' ” * 1 
three subsystems; an encoder, a data^ selector/ and a decoder. The’ 

encoder requires the da'ta (MCQMPSYNC)' and' .an- encode clock (8.1818 MHz) 
and produces the. Bi~<|)-M- bit stream with a cell clopk of 4. 0909 MHz . 
The data selector allows the decoder section to be fed either from 
disc or directly from the encoder. This allows for a) self-testing 
of the board and b) preservation of data output integrity during 
track-switching of the video disc. The decoder yields the output 
data stream, a recovered master clock (DCLK) at 2.04545 MHz, and a 
recovery error line. This last feature relies upon the coding rules 
and produces a low output if these rules are violated, and is partic- 
ularly useful in disc/head alignment procedures. Further subsystems 
monitor the output and automatically rewrite the data track (in the 
case of the receive terminal)’ should even a single cell error occur. 

2.5.6 ’ Data Recovery PLL (93A) . This board processes the disc 

data stream and detects the individual cell botindaries. Edge in- 
formation is fed to a PLL which generates the required 8.18 MHz 
clock to decode the data. Track-hold logic is embodied to 

keep the loop near lock during disc track switching so that rapid 
aquisi’tion occtirs once the signal is again available. A phase bias 
control allows adjustment of clock edge time relative to the -data 
s-tream to eliminate possible errors induced by jitter in either clock 


or data signals. 
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2.5.7 D Sync I (112A) . The disc clock (DCLK) and data 
(iXIOMPSYNC). signals decoded'.’.by (-92A) are processed by this boa^d'.' 

An input data selector allows either crystal-referenced clock (MCK) 
and sync (MCOMPSYNC) or disc referenced signals to be. processed. 

Two functions are performed: 1) Vertical interval and field identi- 

fication and 2) readback error processing and automatic re-writing 
of the data track. The clock and data signals are buffered off 
(112A) to (114A) and are respectively called (GMCK) and (GCOMPSYNC) . 

2.5.8 D Sync XI, (114A) . * All horizonal (lirie-^related) timing 
signals are generated on this board. The input (GMCK) is processed 
by digital counters and combinational logic in conjunction with 
(GCOMPSYNC)* to produce, borizonal drive -(GHORDRIVE),, .blanking 
(GHORBLANK) / and burst gate^ (GBURSTGATE) . These signals, together 
with (GCOMPSYNC) , are retimed with (GMCK) in a quad register to 
insure that all transitions are synchronous with the pixel clock 
reference. 

■All schematics, timing diagrams, and adjustment procedures are 
exhibited in Appendix A2.9. 

2.5.9 Conclusions . A solution to the line and“ picture element 
location problem was proposed and verified by design. An entire* set 
of real-time sync signals are. produced by the. Data Group electronics 
which are locked to the video disc timebase. These signals enable 
the Timebase Expander Group (TBE) and Timebase Compressor Group (TBC) 
to operate on disc-video as if it had a stable timebase. The TBE/ 
TBC Groups will be explored in the next section. 
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2.6 TBE/TBC Group 

2.6.1 Introduction 

These systems enable the stored video information to be trans- 
mitted over a narrowband channel and reconstructed for real-time 
display. The timebase expander (TBE) performs bandwidth 

compression at the transmit terminal and the timebase compressor , 
(TBC) reverses the operation at the receiver. This section shall 
develop the fundamental concepts, theoretical and practical con- 
straints and functional block diagrams of each’ system. A descrip- 
tion of system operation and specifications will follow. Detailed 
card interconnection diagrams will be introduced, but no attempt 

will be made to cover every aspect of system control and data 
* ^ > 

handling. This information will be available in the near future . 
as part of a complete VPBTV operating manual. 

2.6.2 Fundamental Concepts 

The TBE/TBC groups are >essentially data handling systems 
that slowly transfer blocks of data from one mass memory to another 
over a suitable transmission channel. * For reasons - examined earlier, 
the mass memories are video magnetic discs; a television frame re- 
corded upon these discs is repeated continuously in real-time on the 
viewer’s monitor. This "snapshot" is a direct recording of the out- 
put of any conventional video source such as a camera, VTR, etc. 

Each television line can be considered a discrete block of data. 

The visible or "active" portion of this line ‘is a continuous analog 



148 


signal of approximately 50 ysec duration. The total picture is com- 
posed of about 500 of these horizontal lines sequentially scanned 
across the face of the television monitor. More exactly, each frame 
consists of two consecutive scans or fields consisting of exactly one 
half of the total number of horizontal lines. The scans are arranged 
to allow the alternate sets of lines to fall between each other; this 
technique is termed "interlacing” and is necessary to eliminate 
visual flicker and jerkiness during motion sequences. A stored frame 
repeats every 1/30 second; the video disc can thus be thought of as 
a large shift register file circulating every 1/30 second. 

The register contains in analog form about 500, 50 psec data 
records which are identified by their sequence in the register. It 
is these records which must be bandwidth compressed, transmitted, 
and restored to real-time to be entered in a similar "register" at 
the receive site. To accomplish the required timebase change, the 
analog record must be time sampled. These samples are then used 
to create a corresponding low frequency signal for transmission. 

The sampling process, together with intermediate short-term storage 
is done by the digital processor, in the TBE. A discussion of the 
sampling process now follows. 

2.6.3 Discrete Time Sampling 

The choice of sampling, frequency, f , is dependent upon satis- 

* s 

’ f 

factor-y signal recovery and realizable filter technologies. The 
upper baseband frequency required for television is approximately 
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4 MHz. Suitable bandlimiting filters can assure that spectral energy 
drops, rapidly -beyond this frequency (:> 50 db down* 0 5 MHz);. Con- 
sideration must be given to realizability of bandlimiting (anti- 
aliasing) and reconstruction filters; that is to say, the sampling 
frequency must be sufficiently high to accommodate the transition 
regions of the video filters. A frequency of 10.2 MHz was chosen 
for the sample rate; this allows reconstitution of a 4 MHz baseband 
signal without aliasing errors. * ^ 

A block diagram (Pig. 2.72) illustrates the format for* signal 
timebase alteration employing discrete time sampling. Low pass 
filter #1 bandlimits the input signal to well below the Nyquist 

^ » I * 

' • • I 

limit prior to sampling at f^. A fixed record length of N samples 
is stored in analog shift register memory. A reconstruction clock 
resamples the. memory at a faster* (or slower) rate feeding low pass 
filter #2 which regenerates the analog signal at the new timebase. 
Bandwidth compression or expansion is directly proportional to the* 
ratio of f and f . In the case of; timebase expansion (bandwidth 
compression) the mass memory supplies upon demand N-sample records 
of the real-time signal at suitable intervals to construct the low 
frequency version (see Figure 2-73^). 



Figure 2.73* Signal Timebase Expansion 
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The timebase alteration procedure de: 
possible embodiment of the concept. Unfortunately, analog -memories 
suffer from deficiencies due to limitation of charge transfer device 
technologies • These problems were encountered and analyzed during 
evaluation of a 512 sample analog memory constructed from 8 chips 
of 64 samples each, multiplexed with an 8 phase clock -to achieve 
the 10.2 MHz high speed sampling rate. It was found that each 
device tended to impose a characteristic amplitude variation due to 
charge site capa'ditatrce variations. The degree of variation exceeded 
10% in some cases rendering the system unsuitable for high SNR 
applications. An additional limiting factor encountered involved 
the low frequency shift rate - these devices cannot operate at an 
arbitrarily low sample rate due to charge leakage. This charac- 
teristic is further aggravated by high temperatures which may be 
encountered in real systems. This constrains the bandwidth com- 
pression factor, which is undesirable. 

2.6.4 Digital Timebase Alteration 

After examination of the difficulties encountered in an all 
analog processing scheme, it was concluded that a digital system 
would be required for temporary storage of signal samples- Since 
the samples must be represented by a finite number of levels 
(quantized) , a further complication is introduced. 

Conceptually, discrete time samples and quantized amplitude 
are not the same. Quantization describes the process of assigning 
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■ ^ i* i 

to a range of voltages ^^/single’-valtre>, w discrete implies 

^ ^ i 

that only certain va,lufes ^or,;.th^^ continuous time variable are 

* 'ci V,; 

utilized} changes in t'he^'ana'lb.g signal between sampling instants , 
are ignored. If this ^ignal is bandlimited relative to the sampling 
rate (Nyquist rate) , t'he' sampled analog values contain infoinnation 
identical to the continuous signal - no information is lost. Time 
sampling can be a lossless process, but amplitude quantization always 
destroys information. 

Digital word length, dictates the overall quality of reproduc- 
tion in terms of ^signal--to-quantization error ratio. If quanti- 
zation error is random from sample to sample^ (which is a valid 
assumption for high-level complex input signals such as video 
having essentially independent and uncorrelated quantization errors) 
the quantization noise can be modeled as white additive noise. The 
resulting SNR is expressed by the well known formula:. 

SNR(db) = 6-02n +. 1.76 2.18 

i 

where n = no. of bits/word. 

An eight bit word was selected for the digital processor providing 
a theoretical upper limit of ^ 50 db SNR which is sufficient to 
be masked by video disc playback noise. Compac’t A/D 
converters can be had in the $500-*$1000 price range which operate 
at the required 10.2 MHz sampling frequency. Figure 2.74 illustrates 
the configuration employed and the functional placement of A/D, 
memory, and D/A systems. * 
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2.^.5 Digital TBE/TBC Operation 

Figure 2*75 illustrates the, most basic functional block diagram 
of the digital TBE^ A single video frame, stored’ on disc, is avail- 
able to the processor in real-^time form* Suitable » parallel sync 
information, recorded' on an ^additional disc track is utilized to 
control high frequency sampling and locate individual lines in each 
recorded field of the picture to be time-base expanded. The TBE 
is configured for an expansion/compression ratio of 300; a convenient 
record length used is 512 samples per line' which allows virtually 
complete conversion of an active line at the required 10.2 MHz sample 
rate. To allow for sufficient time to expand the, signal in temporary 
storage, two lines are loaded into memory #1 directly from the disc. 
This raemoiry immediately transfers its contents to memory #2 provided 

i 

the second memory is empty. Memory 2 is ' reclocked- at the much lower 

sampling rate f . Meanwhile memory #1 is available for loading the 
R , * 

next line pair from disc. This interleaving procedure is necessary 
to 1) allow * continuous reconstruction at the low frequency clock 
rate, and 2) provide sufficient time to locate 'the next 2 lines on 
the disc. Note that only active video information is passed through 
the system. All low frequency synchronizing signals are generated 
in the TBE control logic and added to the output wavefom prior to 
filtering. The resulting expanded video signal after low-pass 
filtering is a virtually exact duplicate of the normal real-time 
counterpart except for the timebase change. 
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POOf^ 




An inband burst (see Figure 2*76 ) is also added to the expanded 
video signal on the back porch of .horizontal sync to provide a refe- 
rence frequency for the TBC at the receive terminal' to resample the 

♦ i 

incoming video for timebase compression. The TBC (see Figure 2.77) 



Figure 2.76. Low Frequency Video Line Showing Burst 
extracts sync and f from this signal and^uses this information to 

' ' X\ 

essentially invert the expansion operation performed at the trans- 
mitter. Information is written on disc 2 lines at a time. Line 
location and pixel location are controlled by a data track which is 
permanently written on the receive .disc. Thus, the high-frequency 
resampling clock f^ is constructed from magnetic information on the 
disc itself, avoiding the problems encountered due to minor fluctua- 
tions ^in disc speed. A detailed description of the system employed 
is given in the Data Group Section'. 


2.6.6 TBE System Configuration 

* The card interconnect block diagram (see Figure 2.78) shows 
the individual card functions utilized in the TBE and all associated 
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internal control and data busses as well as I/O ports. A list of 
board names and numbers appears below- in Table'2. 13*, ' 


TABLE ,2.13 

Timebase Expander Circuit Boards 
Board No. Name 

115^ 10.2 MHz PLL, 


120 

121 

122 

123 

124 

125 

126 

127 

128 
137 


Buffer/clamp 

Disc Address Counter 

Shift Register 
RAM 

RAM Control 

LF Video' Address Counter 
LF Sync. Processor 
LF Master Clock (LFMCK) 
D/A and Deglitch 
High Speed A/D 


The low frequency composite video transmitted between terminals is 
generated on board (128) by combining expanded picture information, 
line by line, with a composite sync signal. This composite signal 
contains sync; blanking, and burst in the same relative proportions 
as real-time composite sync. These components of the signal serve 
to provide the necessary information for the receive terminal to 
assign line and picture element locations on its video disc memory. 
This LF comp sync signal is processed by boards (125) and (126) to 
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produce the additional control signals, for TBE operation. It should 
be noted that system control is entirely executed by the internal low 
frequency signals. 

Board (125) enables, data' transfer to the output during the active 

line time of low frequency sync. This, transfer is timed using the 

low frequency reconstruction ‘clock/ f , and LF sync to identify the 

R 

required line pair to be accessed from the disc. The required line 
numbers are transferred to the Disc Address Counter (121) via the 
low frequency video address bus.. The method of accessing the line 
memories #1 and #2 will be developed next. 

Two types of memory are used in the expander. Each 'is con- 
figured as a lKx8 shift register. Memory #1 is constructed of high 
speed MOS dynamic shift register integrated circuits which read 

data ‘at the video sampling rate (f - 10.2 MHz) and transfer .to’ 

s 

memory #2 at 1.02 MHz. This second memory is built of static RAM 
whose address space is controlled to allow emulation of a shift 
register. The RAM control board (124) loads two lines from the 
shift register (X22)’only during a LF horizontal blanking period. 

These two 'different technologies were required at the time when this 
portion of the system was designed due to the high, cost of fast 
static RAM. Present availability of such technology dictates that 
both memories could be combined into a single larger RAM^ which would 
enable reduction in physical circuit complexity and the necessity 
of memory transfer. The recommended embodiment would be alternate 
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parallel access to two identical Address space would be 

divided equally for memories #1 and ^#2. ' 

The nature of transfer from disc to LP video can be understood 
by consideration of the following basic premise. The disc address 
counter on. board (121) holds the number identifying the current video 
lines which are available at the expander/ s high-speed A/D converter 
output data bus. A line address comparator enables transfer of this 
picture data only for the requested line pair generated by the low 
frequency address bus. Transfer timing constraints take into account 
worse case access times for any given line pair needed from disc. 

This process is shown in abbreviated form in Figure 2.79. It should 
be noted that once the S.R. has been loaded, it will continuously 
circulate until the RAM is .empty (the proceeding lines have been 
clocked out at f ) and RAM control takes over for the intemediate 
transfer. 

Only a subset of the entire video frame is actually transmitted. 
Some initial lines bearing no picture information can be ignored . 
Similarly the amount of each* line to be expanded is somewhat less 
than the entire active portion to allow for a more simple digital 
system architecture. In each case, incremental counters termed 
delta (A) counters, provide digitally controlled delays to accom- 
plish this. These serve to locate the sampled picture information 
in the approximate center of the visual field (see Figure 2.80) • 

The amount of reduction experienced does not significantly effect 
picture content. 




Figure 2-79 


Block Diagram of Video Transfer from Disc to Shift Register Memory. 
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Figure 2.801 Picture Sampling Format 

2.6.7 TBC System Configuration 

The TBC system serves to reverse the process effected on 
picture samples and utilizes much of the physical circuitry deVe-- 
loped for the TBE. Table 2.14 shows the board names and numbers 
employed in this system. The associated card* interconnect diagram 
is shown in Figure 2.81 . The TBC derives its low frequency timing 
from the incoming bandwidth-compressed VFRTV signal via sync and 
burst as explained earlier. Memory transfer is less complex 
because RAM may load the SR immediately. Sufficient time is 
allowed (2 LP lines) to insiire that the appropriate disc address 

I 

can be accessed for unloading the SR to disc. Minor variations in 
system control functions and timing will be covered in the system 


manual. 
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TABLE 2.14 

Timebase Compressor Circuit Boards 


Board No. 

Name 

104 

High Speed D/A and Deglitch 

115 

10-2 MHz PLL 

122 

Shift Register 

123 

RAM 

131 

LF Timing 

132 

Sample Clock Recovery PLL 

133 

LF A/D 

134 . 

RAM Control 

135 

Disc. Address Counter 


136 


LF Address Counter . 
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2*6*8 System Specificat:ions and Performance 

The following tables specify various operating parameters for 
the TBE/TBC system. Table 2.15 lists input signal requirements 
for the TBE. Table 2.16 details the internal parameters^ relevant to 


TABLE 2.15 

INPUT SIGNAL ^REQUIREMENTS 


U.S. (EIA-RS-180A). 
525 


Television Standard 

Lines/frame 

Fields/frame 

Field rate 

Line rate 

Field Time 

Line time 

Input amplitude 

Blanking reference 


2 , interlaced 
59.94 Hz. 

15734 Hz. 

16.683 msec. 

63.557 Tisec. 

1.0 Volt (nominal) , 
0.0 Volt (nominal) 


both TBE and TBC, while* Table* 2. 17 specifies the characteristics 
of the low frequency narrowband video signal. It should be noted 
that the Data Group, which provides reference markers for the video 
disc read/ write operations is treated in detail in another section. 
Similarly, the design consider at idns and actual circuitry employed 
in the low pass filters for the LF video signal will be covered 


in a separate section. 
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TABLE 2.16 


Sampling and Quantizat-ion 
No. of quantization levels 
No. of lines transmitted 

No. of samples/ line 

High speed sample 
clock frequency 

High speed sample interval 

Sampled active line time 

Data Track 

Time base correction method 

Data encoded 

Encode method 

Encode clock frequency 

Pixel reference clock 
recovery 

Pixel reference frequency 
Memories 

Fast 2 line buffer memory 

Capacity 

Write clock-from 
Hi-speed A/D 

Read clock - to RAM 


256 (8-bit word) 

240/fie Id 
480/frame 

512 

10.22725 MHz 
97.778 nsec. 

50.062 psec. 

Parallel digital data track 
Composite sync. 

Bi-phase, M 
4.0909 MHz. 

Phase- lock loop 
2.04545 MHz. 

MOS shift register (S.R. ) 
1024x8 bits 

10.22725 MHz. 

1.002725 MHz. 
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Memories (cont’d) 

Slow 2 line buffer memory 
Capacity 

Write clock - from S.R. . 

Read clock - to D/A 
converter 

Timebase Expansion/ 
Compression factor 


MOS RAM 
1024x8 bits 
1,022725 MHz, 

34,0908 KHz, 

300 


TABLE 2,1/ 

Low Frequency Video Characteristics 


No. of lines/frame 

No, of active lines/frame 

No. of fields/frame 

Field rate 

Field time 

Line rate 

Line time 

Signal amplitude 

Receive terminal pixel 
clock reference 

Burst frequency 
No, of cycles/burst 
Burst duration 
CW regeneration technique 


525 

480 

2 , interlaced 
0.199 Hz. 

5,005 sec. 

52,4467 Hz. 

19.067 msec, 

1,0 Vpp (nominal) 

Burst on backporch of blanking 
for each active* line 

13.63632 KHz. 

10 

0,733 msec. 

Sample/hold PLL 
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Table 2 . 17 ( cent * d) 

LF video maximum in 
band frequency 14*0 KHz. 

Out-of-band energy Fimction of equalized channel 

filters. 

Various laboratory transmissions have been run to evaluate 
picture quality. Initially direct digital data was transferred 
between transmit and receive terminals to verify the video memories 
and hi-speed digital subsystems. Later tests transferred unfiltered 
analog samples of the low frequency video signal. Final tests 
employed bandlimiting filters to achieve an actual 14 KHz. channel. 

A demonstration of this system was conducted at NASA Lewis Research 
Center for various members of the technical staff. Picture view- 
ability was found to be acceptable in each of two transmission modes: 
1) full frame update in 10 seconds, and 2) single field transmission 
every 5 seconds. In the latter mode the single field which is 
transferred to the receive terminal is written into’ both field 
memories on the video disc. This trick produces a fully scanned 
video image with a sacrifice only in vertical resolution and was 
foxind to be surprisingly viewable - little degradation is perceptable. 

2.6.9 Recegnmendations and Conclusions 

The prototype TBE/TBC digital system was designed, constructed 
and tested over a period of approximately one year. Individual 
printed circuit cards were assigned to various subsystems for 



170 


use in. troiable shooting and modification • Card interconnection and 
isolation of transients from the low-level wideband electronics else- 
where in the VFRTV system was however, a continuing difficulty. It 
is felt that a significant improvement in SNR ( 'v 6-10 db) could be 
achieved if all functions were now implemented on a large wirewrap 
board specially designed for Schottky TTL logic. Certain major 
simplifications would also result from the use of one large fast RAM, 
as mentioned earlier in this section, rather than separate techno- 
logies for each memory. 
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2.7 Channel Filters 

In the design of classical sharp cutoff low-pass filters 
(Butterworth, GhebycheV' and eH-iptic> for example) the designer 
may completely control the magnitude response of the ‘filter by pro- 
per choice of parameters to achieve any desired response in the 
passband, transition region, and stop-band. Once the magnitude 
response is determined, the phase response (and thus the delay 
characteristic) of the filter is fixed. 

Frequently, a non-linear phase response poses no significant 
problem “and may be ignored. In the processing of video signals, 
however, phase • response is importcint, since delay non-uniform it ies 
produce undesirable overshoots at high-contrast picture transitions 
which are visually manifest as ghosts and fringing. It is there- 
fore necessary to modify the phase response of these filters by 
the addition of a series delay correction network whose presence 
will not degrade the filter's magnitude characteristic. Any 
additional series network cannot decrease the overall phase shift; 
thus the corrector should be designed in such a way that its phase 
response, when cascaded with the low pass filter, will produce an 
over-all piece-wise linear phase response, i.e., constant group 
delay (see Figure 2.82) , 

Delay corrected audio low pass filters are not available 
commercially unless specially designed. It was therefore decided 
to develop a computer program to determine the optimxam pole-zero 
locations for second order all pass filter sections to realize any 



Delay (ysec) 
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Figure 2.82 Fourth Order Butterworth LPF 


Insertion Loss* (db). 
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needed delay correction networks for filter or channel equalization. 
This program allows -the designer to enter data for a given low pass 
filter either in the form of an ideal transfer function or as mea- 
sured group delay frcan a network analyzer. In the latter case, the 
delay may be corrected to any desired frequency beyond the cut-off 
frequency of the low pass filter. The user may specify a range of 
orders for the corrector network and whether the network is to be 
active or passive. The program determines if a realizable network 
exists for each even order configuration within that range, prints 
out the pole-zero values and component values. The magnitude and 
delay response of the overall filter, its impulse response {corrected 
and uncorrected) , and its response to a bandlimited sine-squared 
pulse input are also computed. The flow chart in Figure 2.83 shows 
the basic steps carried out by the program. 

Results for a 4-th order Butterworth filter (f - 14 KHz) 

c 

delay canpensated with a 4-th order all pass section (f^ - 22 KHz) 
now follow. This particular filter is needed to implement the VFRTS 
prototype for 14 KHz wide channels. The resulting circuitry for 
the filter and equalizer are shown in Figures 2.84, 2.85 respectively. 
Note that the realization of the needed pole-zero locations is 
accomplished using the Bi-Quad op-amp configuration which is very 
tolerant of slight component irregularities. The calculated 
response to a sine-squared pulse bandlimited to 14 KHz is shown in 
Figure 2.86 ; the equalized response {Figure 2.87 ) results 

in an acceptable "k-f actor*’ of 1%, Actual measurements were taken 
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Figure 2.83 Basic Flowchart of Allpass Equalizer Program 







Figure 2,85 




Figure 2.87 Computed Compensated Response to a Sine-Squared 
Pulse Input. (Note that response lies within 
K = 1% boundary. ) 
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Figure 2.88 Synthesized Sine-Squared Pulse 
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Figure 2.90 Compensated Response 
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using the digitally synthesized sine-^squared pulse shown in Figure 
2,88 . The measured.,.uii compensated and compensated response are 
shown in Figures, 2,89 and, 2,90 respectively. Note the excellent 
agreement between predicted ahd actual responses , 

The results obtained with actual VFRTS signals now follow. 

Figure 2 , 91 shows the method of synthesis of low frequency burst from 
the digital reference signals generated in the TBE, The lower oscil- 
loscope trace is the input to the filter — horizonal sync followed by 
a burst of the reference frequency. Above is the filtered output 
ready for introduction to the narrowband channel. The second photo- 
graph (Fig*. 2.92 ) shows an actual sine-squared pulse. A composite 
real-time television full field test signal (containing a sine-^ 
squared pulse) was recorded oh disc, expanded/ and stepped out at the 
low frequency reconstruction clock rate. The D/A converter output " 
is shown in the lower trace; the delayed, filtered output is- shown 
directly above,. -Note the excellent symmetry and lack of overshort , 
in the sine- squared pulse. 

The techniques employed for creating suitable equalized low pass 
filters have been shown to be effective in synthzing 24 db/octave 
VFRTS channel filters with "K-factors" of ^ 1%. Performance has 
been verified by computer simulation and actual circuits realized 
using the generated specifications. These methods may be used to 
delay-correct any linear system whose initial delay profile is known 
analytically or by measurement. Further improvement of the entire 
system could be achieved by the application of 4®lay correctors to 
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Figure 2.91 Low Frequency Horizontal Sync and Burst 



Figure 2.92 Timebase Expanded Sine-^Squared Pulse 
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various si:ib systems in the Mod/Demod, TBE and TBC^ 

The next section will summarize the results of this chapter and 
outline the direction of effort in obtaining color transmission using 
the principles and techniques of the monochrome VFRTS system. 
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2.8 Conclusions 

2.A.1 Monochrome System Stainmary . A simplex VFRTS transmitter/ 
receiver was designed and constructed using a 6* 5” video magnetic 
disc as a mass store for real-time television display. The inputs 
and outputs are completely compatible with reaT-time U.S. television 
standards • 

The construction employed modular plug-in circuit cards for 
prototype development and alteration. Two separate enclosures are 
used for each terminal — one for the video disc and servo and one 
electronics bay containing the remaining processing circuitry. 

Documentation of the system consists of block diagrams, 
schematic diagrams, and adjustment procedures where appropriate. 

A complete documentation package (manual) will be forthcoming in- 
cluding any remaining circuit diagrams not exhibited in the Appen- 
dices of this report. 

The system has been tested and demonstrated using a simulated 
14 KHz baseband channel with refresh rates of 5 seconds/f ield. 
Picture quality was judged to be consistent with design goals. 

2.8,2 Adaptation of Color Transmission . A goal initially 
"outlined included transmission of color images utilizing the same 
channel bandwidths and refresh times as the monochrome system (if 
possible) . At present an operational system in the laboratory is 
capable of these transmissions. No alteration in channel capacity 
or penalty in update time was necessary. The design alternatives. 
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system reconfigiirations and modification made will be the siibject 
of Volume 2 of this report. 



APPENDIX 2.1 


Master Timing/Sync Group Adjustment 
Procedure and Schematic Diagram 
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MASTER XmrNG/SYNC GROUP ALIGNMQir PROCEDURE 
CTrananit/Raceive) 


step Board Adjiistment 


1 

77 

i 

■ ■ 

Vertical Threshold 
Adjustment 

With 98 feeding HCK to 77/ trigger CHI of scope on TP6 KVPRIVE and display 
on CH2 TPIO# HVERTSYHC* Rotate VERT THRESH ADJ. pot. until waveform on CH2 
appears as in Fig* 3« Check voltage on pot wiper arm (via R8, 12K 5% resistor) 
and verify that it is about 3.6 VDC* This completes adjustment for board 77* 

2 

100 

PLL HOLD Pulse Width 
Adjustment 

Now insert board 100 into rack and trigger CHl on negative going edge of 
piase at TP15/ PLL HOLD* Rotate FLL HOLD pot. until pulse is 70usec wide 
as in Fig. 13. 

3 

100 

BLANKOATE Pulee Width 
Adjustment 

Transfer probe to TPS# BLANKGATE and rotate BLANKGATE pot. for a pulse 
width of 350Mseo as in Fig. 14. This coc^letes adjustments for board 100 

This ooe^leteB adjuatmenta for the Receive 

Group. Continue to steps ^4^ ~ for Transmit Group. 

4 

70 

DC Zeroi Horizontal 
Drives (Sync to Camera) 

Plug in board 70 and trigger CHI on rising edge of HOR DRIVE signal at TPli 
display several pulses. Display TP3 on CH2. With camera disconnected, 
a - 7.6V negative going Dulse train should be present. Rotate HOR DC ZERO 
pot to place top of waveform at M)VDC. 

5 

70 

DC Zeroi Vertical 
Drive. (Syhc to Camare) 

Trigger scope CHl on VERT DRIVE signal at TP4, Display TP6 on CH2| Clip a 
750 resistive load from TPS to ground. Adjust VERT DC ZERO pot for maximum 
peak to peak square wave (period ^17 ms) at TP6. Top of waveform should be 
'V' i’2.7.VDC/ bottom should be ^ -2.3 VDC. Remove 750 resistor. 

6 

70 

Camera Drive Signal 
Check Under Load 

Plug In camera drive cable and verify 0 to -3.8 V pulse at TP3t and *f2.7 to 
1-2.4 Vdc pulse at TP6. 

I This completes all group adjustments. 
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APPENDIX 2.2 


VrPEO HAGNETIC DISC SPECIFI CAT I ONS 


Outer Diameter 
inner Diameter 
Th i cknes s 
Concentricity 
Flatness (each side) 
Coplanarity 
Base Material 
Magnetic Coating 

Overcoat 
Coercivity 
Surface Finish 
Surface Defects 


6.5" + 030" 

0.789" + . 001 " 

0 . 2 " + . 005 " 

< 0 . 001 " 

< 0.001" TIR 

< 0 . 001 " 

Aluminum 

Nickel-Cobalt, 

6 micro-inches 
nominal thickness 

Nickel oxide 

600 Oersteds 

0.5 micro-inch aa or better 

Each surface shall be free 
of defects over a range of 
radii extending to within 
lA" of O.D, and 1/2" of I.D. 
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APPENDIX 2.3 


BRUSHLESS DC SERVO MOTOR 



Page 

Specificatioris 

194 

Mechanical Dimensions 

196 

Commutation Techniques 

197 
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APPENDIX 



BRUSHEESS .DC 

MOTOR 

SPECIFICATIONS 

1 . 

Motor Type 


Siemens 1AD50OO-OB 

2. 

Dimensions 


See Dwg. No. BDCM 100277 

3. 

Enclosure 


Dust and drop-resistant 

k. ■ 

Acoustical Noise 


< 30 db 

5. 

R.F. Interference 


None 

6. 

Bea r i ng s 


Ball 

7. 

Lubrication . 


Lifetime 

8. 

Unattended life 


> 10,000 Mrs. 

9. 

Weight 


26 oz. 

10. 

Voltage Range 


20.4 to 26.5 V 

11. 

Speed Range 


600 to 6000 RPM 

12. 

Efficiency 


50^ oi* better 

13. 

Temp (°C minimum) 


-10° 

14. 

Temp (°C maximum 


+55° 

15. 

Temp (°C rise) 


5° 

16. 

Duty 


Continuous 

17. 

Starting torque 


12 oz. in. 

18. 

Max. Cont. running 

torque 

7 oz. in. 

19. 

Max. Cont. motor current 

2.5 amp. 

20. 

Torque Constant 


2.8 oz. in. /amp. 

21. 

'Winding Resistance 


4 X 1 ohm 
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22 . 

23. 

24. 

25. 

26. 
26 


Winding Inductance 
Electrical time constant 
EMF constant 

Mechanical time constant 
Rotor Inter! a 
Shaft axial play 
Source: Siemens Corp. 

Dwg. No. BDCM 100281 


4 -X- 0-.3 mi H'i'hrenry 
0.3 mill isec 
^2.18 VDC/1000 RPM 
90 mi 1 1 i sec 
5.8 X 10 ^ oz. in. 
0.0039 to, 0.01 18>' 


2 

sec 
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ehetnakltowwi1tt18Dl hgrt * Oommutner CnuH 


180 Degree Commutator A complete degree d^cuK diegrem nihcwn tn Figure 7 

T?ie Hell germtors ere supplied with • constant control 
current from the aipply imitege through the resistors R2 
end R3 With the permanent irwgnet rotor running the Hall 
fanerttors are exposed to a simooidef magnetic field’ There 
fore, the Hall signal voltage also is a tine T yptcal wave 

Aape and phase relaliooship of the Hall generator signals is 
Mwn «n Figure 8, The Hall generator output signal termf 
nils are directly connected to the base of its respective 
commutator transistor. 6y operating the Commutator tran 
atftors in thair linear region, it can be assumed that the base 
voltages and therefore, also the collector currents and wind 
ing currents, maintain the same sme wave diape Figure 9 
tfiows the typical base voltage wave sh^>es and'Figure TO 
tfiows the typical winding currents of the 180 degree com 
mutator, ^h winding conducts current for 180 degrees 
At the same time, there are always two windings conducting 
currant, 

Smet the winding currant d a sine wave, the wmdmg flux is 
Use a Sine wave In Figure 1 1 the north pole of the rotor is 
In position I under the Hall generator HGT. The Hall volt 
ages of H61 therefore have the maximum amplitudes The 
amplitude is positive at the bese of commutator tnmststor 
Q1 md negative at the base of Q2 This means that 01 is 
tumad on at a oolleaor current corresponding to the rnaxi^ 
mum amplitude of the sme wave current of winding Wl, 
and 02 IS turned off. 03 and 04 are also turned off since 
HG2 a m a nautral magnetic poeition. 
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Typical Halt Cenaratpr output ugna! ¥Oh^st 



TypiatBasB Vofiscet of Commutator 
Trenastora in 180 Dogroe Commutator 



Typical Winding Cta^rants for 1B0 Oegete 
Commutation 


At thia tTwncnt the rotor fluK ^ end the fiu« cf winding 
W1 fifo at cn engie of CO djgras Tte rotor torque b given 
tSxrof ofo by 

T C<^R€wcnBCf - COn 

After the rotor hos moved over the rsngJe 0 to position II, HG2 
g!90 h onpo^ to the rotor fiux Since tt« Hall voltcge tt o pro* 
Section of the rotor flux, the winding fiux'of W1 fo!IOM« o cosine 
function Beceuseof the physir^l csparation of the Halt gsneretora 
by SO degrees, 03 ts turned on according too oine function The 
winding flux of W3 therefore it oin 0, In rotor position M, 
the two windings Wt end W3 ere energized end developing o rotor 
torque. The torque from W1 follows the function 

T| »» cos* 0 

The torque from W3 follows the function 
Tj •• C CVn fi 

The mm of the torques from both energized winding circuits is 
therefore coottom erxJ equol to C ❖p, for ony rotor position 
over the range of 0*^ < (? < 90**. After o rotetion over 90 degrees 
winding W3 takes over from W1 ®nd W2 from W3. etc., to that 
She torque over a full rotation is always constant The angle be- 
twaen the rotor flux ond the resulting flux of the windings is 
6hvsys 90 degrees The odvantege of the 180 degree commutator 
b that the cogging b neriucad to & mininium. Only mirw dsvia- 
borts from this ideal situation ere experienced due tononiincan- 
tiss in the characteristics of the Hall generators and transistors 
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DERIVATION OF MOTOR VOLTAGE AND CURRENT TRANSFER FUNCTIONS 
0 (s) 

A. vTsT Transfer Function 



Figure A2.4.1 
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L 

ZB 

ZJ 

E- 

g 

'^E 


= winding resistance • 

= winding inductance 
= total rotational, viscous damping 
= total moment of inertia (motor arid load) 

= back EMF developed by, motor 
= motor electrical constant (vol ts/rad/sec) 
= motor torque constant (oz.-in./atnp) 


Z Torques 


Z J 0 + Z B 6 


(1 


^electrical ^ ^mech 
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But T . = 0 

mech 


T, = SJ0 + ZBe = K_l 
elec T 


and E = K_0 

g E 


Now 


V = RE + LI + K^e 


( 2 ) 

(3) 

W 


Solving (2) for I we get 


= (~) e + ( P- ) 0 




(5) 


and substituting in (4) for I yields 


v(t) - R t( )s + ( Ir )« : + L [( )e + ( |i )'e ] * Kg 6 

( 6 ) 


Taking the LaPlace Transform and regrouping, terms gives 


V{s) - (^}s^0(s) 

*s- 


. , REJ + LEB ^ , 

+ ( jT )s 0(s) 


+ ( 


RSB 


+ K^)se(s) 


(7) 


0(s) 

WJ 


sC( 



+ 


REJ + LEB A , , 


REB 


Kg) 


( 8 ) 
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2(s) _ 
V^" 


-Kl 




R^R 


K.K. 


( 9 ) 


i 


Neglecting the terms due to damping (which is a reasonable 
assumption) yields: 


6(s) . 

V(s) ■ 


(IC|./L2J) 


s(s^ + (R/L)s + ^) 


Now define x 

e 


L 

R 


X 

m 


RZJ 

KEfV 


( 10 ) 


For motor without any inertial load . 

90 msec =x >>x =0.3 mil li sec 

m e 

so that 

L “ L RZJ 


Thus we may write 


1 

0(s) _ 

WY " 


K^/LZJ 


s(s^ + 




RZJ 


)S + ( 


LZJ 


) 


( 11 ) 


e(s) ^ 
v(s) 


ICj./LZJ 


s(s+f.) (s+^) 

m e 


( 12 ) 
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6(s) 

Wi7 


S (S. T + 1 ) (S T + 1 ). 
m e 


and fn general since t > > t we get 

me 


0(s) 

V(s) 


O/K^) 

s(s T +1) 
m 


(13) 


The actual transfer function may now be calculated as follows 


1/K^ 


lOOORPM^ ’ ' ^• Tood rad7's”e'c 


1/K^ 


{ 20.82 


V-SEC 

RAD 


} 


-1 


1/Kg 


0.048 


RAD 

VOLT-SEC 


0) 


m 


(1) 


m 


Ke k.^ 

r(sj) 


(SJ calc: see App. 2.5) 


( 20 . 82 x 10 "^ )(2.05xl0~^ 

(1 ) (111x10 ^ Kgm^) 


Kg 

Amp sec^ 


} 


0) 


m 


0.385 


RAD 

SEC 


T 

m 


(w ) ^ = 

m 


2.60 sec 
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0(s) ^ 0.048 

VTs) s{s(2.6) + 1} 

(14a) 

Current Transfer Function 


T, = Iie.=EJ0 +EB0 

elec 1 

(15) 

l(s)IC= (EJ) s^e(s) + (ZB)s0(s) 

(16) 

(s) _ 

(17) 

T(sT s(s + sb7ej) 


Note the simplicity which results when the current transfer func- 
tion is considered (R» L, and do not appear)! A pole is con- 

,1 

tributed by the root due to finite rotational damping if no 

2 

losses were present, then the denominator would reduce to s . 

( 18 ) 

(19) 
(19a) 




“b ^ 2J ^ 

From (15) at constant RPM, 


iCj. 


= ZJ6 + EB0 


EB = 


. "V 


Hence 


“b 




0EJ 


( 20 ) 
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Using a 4” diameter disc, 


data were taken to determine a value 


for {jt)g. 


TABLE A2.4.1 


Tach Freq 

(Kiiil 

Motor Voltage 
(Volts) 

Motor Current 
(Amp) 

RPM* 

22. Gk 

0.500 

0.200 

2592 

35.74 

0.600 

0.240 . 

4092 

44.70. 

0.700 

0.280 

5118 

54.86 

0.800 

0.320 

6282 


*524 counts/rev from tach disc 


Fig. A2.4.2 fits a straight line through the data points and 

-8 

yields an estimated value' for EB as 2.34x10 (nt.m.sec) or 
2.34x10 ^ (Kg. m^. sec ^). 

2.34x10 ^ Kgm^/sec-^ . - 

Thus, (Op = F s ''-A', '38x10 Rad/sec or 

47x1 O"^ Kgm c 

, 7.92x10“^ Hz 

t 
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dB « VdA rdA 


2tt R 


B a 


rdrde « r 


( 21 ) 


But 2J = r (assuming density and thickness remain essentially 
the same) . 

Thus, o>„ «= r^/r^ = 1/r^ 

D 

Hence for a 6.5” diameter disc 


“r "" ^ “r “r 

D Ot^^ Di,l 


(22) 


“6 

which still yields a value of approximately 3x10 Hz. This fre- 
quency is so low that the pole will be assumed to lie at the 
origin and the motor transfer function to be: 


e(s) _ 


TW 


(23) 


We now calculate the exact transfer function. 

2 

Kn r 

.-2 


(2.05x10 


Kg m" 


(lCj./SJ) = { 


Amp sec 


■) 


in x lO"^ Kg m^ 


} 


(K^/SJ) 


18.47 sec 


amp 


0(s) _ 18.47 

TT5T - ,2 


(23a) 



APPENDIX 2.5 


MOMENT OF INERTIA CALCULATION (J =EJ) 


zz 


See Fig. A2.5.1 for configuration. 



= 0 . 200 " 

= 5.08 X 

10 ‘^ 




. -2 

^2 

= 0 . 915 " 

= 2.32 X 

10 

"l 

= 3 . 25 " 

= 8.25 X 

io“^ 

K 

= 1 . 00 " 

= 2 . 5 ^ X 

io“^ 


‘ ^ 3 

spindle and Disc Mat'l Alum , p = 2.8 gm/cm 

= 2.8 X 10^ K /¥? 

g 


PTtR 2 _r o 

^Spindle = — <VTl> = 3-32 "> V 


pirR 


'^Di sc 


(T ') = 103.5 X lo“^ K 


'^Rotor/Shaft " 5.8 x lo’^ oz. in.sec^ = A. 18 x lo’^ K 


J 

zz 


'^Spindle^ '^Dlsc ^ '^Rotor/Shaft 


= 111 X 10 
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Figure A2.5.1 Video Disc, Spindle and Rotor 


Configuration for Calculation 


APPENDIX 2^6 


Adjustment Procedure and Schematic'* 
Diagrams for Servo System 


Contents Page 
Adjustment Procedure 210 
Schematics 

Sync/Tach Processing (33) 212 
Motor Control PLL (43) 215 
Solenoid Control (97) 216 
Drive/Tach (108) 217 
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step 


Board Adjustment 


X08 


ZOB 


Motor Current 
Idmlt 


Optical Tach 
Check 


SERVO GROUP mmmr procedure 

(Traifimlt/Recelve) 


With 43B out of system^ jump 108, TP4 to +X5V while differentially monitoring 
the voltage between 108/TP2,3* Adjust Current Llm pot^ for 2*5V at the TP *6 
which eqxiala 1 A of motor current* Leave on. 


With iotor running, check each Output (pins 7,8) of HC1733CL on 108 for approx 
2Vpp r -:^uh signal (should look sinusoidal) . Adjust tack pickup ^u^n angle if 
necessary to produce required signal. Turn off motor by removing jumper to TP4 


33A 


Sync Processor 
Check 


Trigger Scope CHI at TP13 on 33A and observe KVERTSYNC (Fig. 13) . Serrated 
pulse sho uld last^l SOys and occur every vertical interval. Mow display on 
CH2 TP12, MCOMPSYNC and check relationship shown in Pig's. 12, 13. 


Now transfer CHI to TP13 and observe F2p vert index. Fig. 11 

every v3 3msec, Place TP13 on EXT trigger and siplay TP12 (MCOMPSYNC) 
(HH£P) on CH*s 1 and 2 respectively. Verify timing shown in Figfs 10, 
completes check of sync processor section of 33 a. 


which should occur 
and TPIO 
12. This 


33A 


CHRR Adjust 


Insure that PI of 106 ia not connected. Apply 4V 15KHZ sine wave to TPA and 
TPB of 33A. Adjust CMRR pot for minimum output aVTPl on 33A. Rsplace PI of 
108. 


108, 33A 


Hinspeed 


Attach a variable DC pcwer supply (O-lSv) to TP4 of 108 with 43B out of system i 
set to OVdc* , Motor should be stationary. Slowly increase voltage while monitorijig 
TPl of 33Aj Verify *v*3Vpp. Now go to TP2, triggering on rising edge. Adjust DC 
supply voltage until period of square wave is about 32^8 (See Fig. 2). Place TP4 
on CH2 and adjust MINSPEED pot for 22psec wide positive-going pulse. Yellow 
minspeed LED should be on. Verify *>/2.4 Vdc at pin 5 of U2B on 33A and ^2.7 Vdc ’ 
at TPS (Fig. 6). Now turn DC power supply down to OV and check to sea that as 
disc slows and LED goes off verifying that minspeed had dropped out. Reset 
supply to previous voltage and note acquisition of minspeed again. Record DC 
setting to produce the TACHOOT signal shown in Fig. 2. 


DCP.S. 


Vdc 


33A 


Xnsor Pulse 
AdjUQtoent 


With disc running at speed under control of DCP.S. in previous step monitor 010 
of 33A, pin 4 or 10 and check for missing pulse dot. output as shown in Fig. 3. 
If pulse is absent, carefully adjust tach pickup arm angle until pulse appears. 
This pulse identifies the once^around index on tho optical tach. disc. ' 
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step BoATd Aa;)uetnient 


Trigger CHI on pulse of Pig* 3 and display TP3 on CH2* Rotate INSER ADJ . pot 
until pulse width on CH2 is (see Fig» 4} « Interpulse period should be 

15 to 2Cnu3ec (^^17 ideally) « 


7 


43B 


Initial Calibra- Plug 43B into an iinconnected slot in rack so that it receives bus power* Check 

tion of 43B TP3 for 5V Set pot H16 gADJ for 2«2VDC at TPS* Check TPll for narrow 

negative<*9oing pulse with interval of about lOsec* This oomplatea initial check 


1 33a, 43B| High Freg PLL servo 
1 108 I control lock check, 

jlADJ cx>en loop 
calibration 


of 43B* 

HeiQpve>pC p* S. from 108 and replace Pl*^ Set switches on 33A and>43B to T^ST 
position* Connect CHI of scope to 43B, TP7 (trig ref) and CH2 to 430, TP8* 
Energise systea* When' HP lock is achieved, pulse on CH2 should stop noving with 
respect to CHl* How inove switch on 33A to OPBR position and note that CU2 p\ilse,« 
the TACH INDEX is slowing moving* It should atop when it lines up with the 
VERTIHDEX p^lsa displayed on CHI* Put scope into add mode and adjust on 43B 
for a display as shown below. 



-H ^ 


43B I Low Freq' Phase 
Detector Check 


10 


43B 


0 Corrector liopp 


Adjustment 


J— 32/-S— 4 


Note the following behaviori with R16 as an adjustment, verify tho . following two 
operating conditions* 


Adj R16 until LAG/LEAD LED* a trigger equally i this j^ces timing relationship 
of VERTIHDEX and TACHINDBX as shown at end of step * Place SI on 430 into \ 
OPER mode* LAG/LEAD L£D*s should now flicker autoou^cally indicating that 
coopensating loop is in operation. Observe waveform at TP6 on 43B and trim R16 
to place average value of voltage at OV* This completes servp aligxunent procedure. 
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Appendix 2.7. 

VIDEO H EAD. SPEC ^F I CAT I ONS 

Mechanical : 

Track Width 
Gap Length 
Minimum Gap Depth 
Load Force 
Winding 

Electrical : 

A. Record 

Maximum inductance 13 microHenrys 

(end-end at lAO KHz) 

Maximum Resistance A Ohms 

(end-end, DC) 

Maximum p-p Record 75 milliamperes 

Current (end-end) 

B. Reproduce 
Minimum p-p Output 

• (end-end) 

a) 1000 ips and 7 MHz 7 millivolts 

b) 2000 ips and 10 MHz 20 millivolts 


,0lA + .001 i.nch 
50+^10 microinches 
.0015 inch 

Adjustable, A to ,10 grams 
16 turns nominal 
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MOD/DEMOp GROPE ADJUSTMENT PROCEDURE' AND .SCHEMATIC DIAGRSJVIS 


Contents Page 
Mod/Demod Group Alignment 220 
Modulator (21A) . 224 
Demodulator (23A) 225 
Read and Write ,Arap-Video (57) 226 
Video Amplifier (105A/P/D) 228 
Proc. Amplifier (106A/P/D) 229 
Line Write Control (130) 230 
Channel Switching Timing Diagram 231 


219 



HOD/D^QD GROUP ALIGNMEl^r 
(FRAME WRXTE-TRAHSMZT TBRMIHAL) 


106 A/P 

Proc Amp 

105 k/P 

Video Aiap 

21 A 

MOD 

57 A 

Video R/W 

23 A 

DEHOD 

106 A/D 

Proc Amp 

105 A 

Video AxAp 


Section # 1 

Preliminary Board Alignments: 


step 

1 Bo^d 1 Adjustment I 


1 

106A/P,D 

Video Preamp « 
Check 

^ Using T£K R147 test generator « inject IVpp multiburst (reduced burst .amplitude) at 
TPli be sure 750 termination is Check TP2 for ^6Vpp with blanking at -K)«5V. 

Hultiburat anpllttides should be const 2 mt jj3.5 db. 

2 

106A/P*D 

Burst Trap 
Adjustment 

Trigger scope CUl at TP2 to display back porch u/color burst. Display on CH2 TP3 
and rotate TRAP ADJ trimmer capacitor to minimize burst amplitude at TP3. v* 

3 

106A/P^D 

Sync* Sep* 
CUiock 

: ■■■ ' ^ - ■' “■ ■ ■ ' O 

Hove CH2 probe to TP4 and check for a 0 to 'tSV 3-5^8 positlve*going pulse delayed 
from horizontal sync by 0.3 to O.Svseo. 

4 

106A/P,D 

Vert. Sync. 
Sep. Adjust. 

Using vertical sync, sepeurator triggering on Tek 465 scope, trigger CHI from TPl 
and display two vertical intervals. Place CH2 on TP7, EVERTSYMC, and adjust 
VERT SYNC THRESHOLD pbt. foT clean sync (refer to master Timing/Sync Group timing 
diagram. Fig. 3 for correct appearance) • It ia necessary to use expanded aucep 
for this display. 

■ 

5 

i0fiA/P«D 

Comp. Sync. 
Sep* Adjust. 

Remove CH2 prc^a and* place on TP6, ECOMPSYHC/ and view slightly larger region of 
vertical interval. Adjust COHPSYNC threshold pot. for clean sync, ^(refer to Pig* 1 
of some timing diagram) . Hake certain all equalization pulsea are present. 

' ' 6 

106A/P,D 

Clan^ ICeyer 
Check 

Before proceeding, check to see that junker from IH319, pin 7 to 74121Hf pins 3^ 4 
is connected; also check for jumper from 74121N pin 5 to IH319^ pin 12, (This 
Insures that local stripped sync, is driving the keyer). Now place CH2 probe on 
TP8 and observe a 0 to 3V positive-going 1.2Msec pulse rising e^pprox, 0.3-0.5yaec 
zu^ter the falling edge of horizontal sync, pulses. The pulses should be present 
; for all equalizing pulses in the vertical interval section. 
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Step 

Boards 

Adjustment 

l 

7 

X06A/P,D 

Tilt* Adjtist* 

place CH2 prol>e on TP9^ ccmpoaite vi 
one line of video wd expand the tim 
the bottom of the horizontal sync* p 
due to keyingi adjust TILT pot* as s 

Hori 

litT 1 

deo output 
e-base and 
ulse. Not 
hown below 

zontal Syn 

;• < Change triggering of CHI to display 
i vertical sensitivity of CH2 to observe 
:e the presence of the clamp artifact 

r 

iC. Pulse , 

r IT 


8 

Q 

o 

Clan^ I«evel 
Adjustment 

With same display on CH2« rotata card edge mounted CLAMP REP pot* to place 
blankiz^ at j^)proic* OVdc* * 

9 

106J^,D 

1 

j 

Video Output 
Level Cel* 

i 

i 

Wow reduce vertical sensitivity of CH2 and adjust card edge mounted LEVEL pot* to 
produce a peak-to-peak of BOOmV between sync* tip and 100 I2S reference in multi- 
burst# (It uv be necessary to disconnect! in the case of 100A/P« the pu eophasia 
cap* which is a 32pP# dipped silver mica located directly above the LEVEL pot* ) 
Eecheck TIl^ adjustment# Step 1* This completes preliminary alignment of board 
106/P #D* 

10 

lOSA/P/D 1 

1 

•! 

1 

Video Amp* #1« 
Hi^h Freq. 
Compensation* 

Hake sure 750 terminating realtor is ^* Inject IV^ multiburst (reduced amplitude! 
at TPli trigger scope CKl on ipl and view one line or video* Display TP2 on CH2 
and rotate HP C0MP_#1 triimaer for flattest multiburst (should be ^*25 db or better)* 

11 



Move CH2 probe to TP3 and check for "^IV^pp multiburst i burst flatness should be 
essentially the same* 

u 

For 105A 

105V& 
ooly. ] 

1 Preset Gtdn | 

Adjust# Video 
Amp «2 

Jump a 7Sn ■*'5% reslator Cron TPS to ground, Botate GAIN pot, to produo* IVpp signal 
At TPS. Varlfy 2Vpp at TP4. - 

13 

1 

For 1 

105V)P 

1 1 

Preset Gain 
Adjust* 

With TP5 open circuited# rotate GAIN pot to produce 0*75Vpp at TPS* 

14 

lOSA/P/D 

Video Anp #2 
High Freq. 
Cocpensation* 

Observe TPS under conditions of Step 13 or 14 as appropriate and rotate UF COMP #2 
trimmer for flattest multiburst at TPS* 
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step 

Board ' 

Adjustment 


IS 

For 

105A/P 

Only 

Video Output 
Bias Voltage 
Adjust* 

With TPS open circuited# rotate FM CENTER FREQ pot* to place sync* tip at -^4VDC 
at TPS* 

16 

105A/P/D 

Test COQ^letion 

Remove 75Q input termination* This completes preliminary alignment ot 105A/V/t) 
boards* 

17 

2U 

Test Set-Up 

Hove jusper to TEST position* Couple chemnel A output# pin v to a SOO 20 db pad 
and then to input of RF .spectrum analyser using 50Q coax cable* 

16 

[ 

21A 

Haxioonlc 

Distortion 

Minimization 

Inject (via 50Q coax) a 6 MHZ 500 mVpp slnevare at TFIO and trim generator output 
for l*5Vpp at TPS* Rotate DIST ADJ pot* for minimum 2HD harmonic (12 MHZ) on 
spectrum analyser* 

19 

21A 

High Preg* 
Compensation 

Adjust HP FLAT triimoer cap for equal gains at 3 and 10 KHZ on analyser* This will 
interact with adjustment of step 18* Trim both for best results with uniform roll** 
off approx* 1 db down at 10 HHZ. Replace jumper to NORM position when finished* 
This completes preliminary alignment of 21A* 

20 

23A 

Reg* Check 

Plug In board luid <Aook -<-5 «nd -5V regulatov outputs £oK p^Ctpej? volt4^9«9« 
(+5V +0.5V) . "* 

21 

23A 

Preq* Doubler 
Alignment { 

Inject a 6 MHZ 30 »Vpp sinewave into TPl via 500 coax, Connect CHI scope output 
to spectrum analyser input via 50fl bnc coax cable. Observe pulse train at Tp5 on 
CHI and it*a snectrum. Rotate IIMXEr SVMMETRy pot, to null lundametnal 6 on 

analyser. Now rotate PULSE SYMMETRY triianer capacitor £ox further liqproveiMnt, The 
pot* has the dominant effect* Trim both sl^n^nuitely for beat reaulte* 

22 

23A 

Demod* liPP 

Overshoot 

Adjustment 

Move jumper to TEST position. Inject a **8in2 Pulse and Bar'' test wvefoxju frcm 
Tek R147 generator via 750 ooaa. at TR6, place CHI probe on TP8 and display the 
"nulBo" nortlon of the teat sicmal. Rotate OVERSHOOT JUXT pot for correct wavo- 
form as shovm below 

Incorrect Correct Incorrect 






to 

to 

to 

























step 


BoATd 


Adjustment 


23 23A LPF Fi:eq« Switch teat signal to **Halti-burat^ . Adjust coils LI, L2, L3 for flattest multi* 

Response burst with slow rolloff toward highest frequencies* Now connect RF sweep generator 

Calibration in place of Tek 147 test signal and check for nulls at ^6 and MHZ with stop band 

rejection of 50 db or better from 6*20 MHZ* Return juiQper to OP position when 
finished* 


This completes preliminary alignment of the HOD and OEMOD cards* 
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UNFILTERED I 
OUTPUTS 


COMPOSITE 

VIDEO * TPIA 

INPUT f IK 5% 


SJk ,< 6ZO< 
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Lo 

r @ 5 


CA30a6 ^ 
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1 

U— : — I 

I 


TP6 

66 sy. 


Q5 ^ 270- 
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T - 


ZH^tZA 


I KR 

^ 1 1043 

« 5' HfhTEr, 



V <® 

f 

:|6 '2h>< [hfCOMpI 

1 



-|5/20vT,c/onw -SET8LANKING 

“ ^ -P»5/20V A70VW1TH 106 clamp level 
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V”' • .... 



ap _ ^ ' 
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I,X,0 POINTS 
SHOWN 
ABOVE 


FM DEVIATION 


V INPUT RESISTOR REMOVED 
AFTER TESTING 

RESISTORS I/4WI0T. UNLESS 

otherwise indicated 


.ANALOG CND* 


I FOR VCO 
INPUT AMP 
I ^ ONLY 


FM CENTER I 5 
FREOUeNCY? ' 



[GCOMPSYNC I 


VIDEO AMPLIFIER 
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Appendix 2.9 

DATA GROUP ADJUSTMENT PROCEDURE -AND SCHEMATIC .DIAGRAMS 

Page 

Alignment Procedure 233 

R/W Board Block Diagram (57/91.1) 237 

R/W Amp-Digital (91.2) 238 

Head Switch (91.3) 239 

Bi-^ Encoder/Decoder (92) 240 

Bi-(}) Encoder/Decoder Timing Diagram 241 

Data C-lock Recovery PDL (93) 242 

D SYNC I (112) 243 

D.STOC I (112) Timing Diagram 244 

I J 

D SYNC- II (114) 345 

■D SYNC II (114) Timing Diagram 
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DATA GROUP ALIGNMENT PROCEDURE 


BOARDS : 91A 

92A 
93A 
112A 
114A 


Digital R/W 
Encoder/Decoder 
Clock Recovery FIX 
DSYNC Prcc. I 
DSYMC Proc. 11 


Step 

Board 

Adjustment 


1 

92A 

Test Setup 

Insert only 92A in it's slot the czucd cage. Place SI in LOC mode. (This connects 

the encoder directly to the decoder) . Rote that red LED should be on. Determine that 
HCOHPSYHC i« av.ll.ble at TPl aiid that X2CK (8.1818 MHz) la pzesent at TPS. 

2 

92A 

Encoder Check 

1 

Trigger CHI of scope (Hi-speed such as HP 1741A or Tek 454 ^ 46$, or 475) on the rising 
edge of one of the horizontal sync pulses from TPl. Display one additional sync pulse 
on screen. Using CH2, attach probe to TPB and# employing expanded sweep, examine the 
area around the second sync pulse. Hote that sguare wave is 2 MHz when MCOMPSYliC is 
low and ^»4 khs during pulse. 

3 

92A 

Decoder Check 

Leave CHI coxmected and triggered as in step(?) . Attack CH2 to TPll and observe the 
same waveform as MCOMPSYRC except delayed (see timing diagram for exact relationships) . 
Check TPS for the inverted version. 

4 


Recovery Error 
Check 

Using CH2 probe, check to see that TP7, RECOVERY ERROR is in high state^ as it should 

be. 

5 

92A 

DCLK Syncronirer 
Check 

Row move probe (CHI) to TPll, triggering off decoded data signal in same fashion as 
before. Expand the main sweep to display the falling edge of hor).zontal sync pulse 
about in the cetner of screen, place CH2 probe on TP12 and observe a '^2MHz (2,04545 
KHz) square wave which is stable with respect to sync pulse (no polar ity-f lipping) , 

Sea the timing diagrams for exact time relationships. This coag^letes the checkout of 92 a ^ 

6 

9U 

Test Set-up 

Row plug in the digital R/W boeurd, 9lA, and attach the head cables leave the data head 
up, i.e, not flying. Verify that the board is receiving the encoded data stream by 
observing TP8. Use CHI and trigger on rasing edge with a sweep speed of 100 nsec/diVt 
Rote waveform and compare to Figure on schematic 9601-91.2, TP8. Overshoot should not 
exceed that shown or grounding problems exist. 
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Board 

Adjustment 


7 

91A 

Write Amp Alignment i 
Bias Adjustiaoent 

Leaving CHI probe on TP8# verify waveform on print, TP9 using CH2 probe* The 
signal should be '^l.SVpp with slight tilt due to transformed coupling losses 
at low frequencies* Now set CH2 input sensitivity to 2V/div and place probe on 
TPIO* Adjust BIAS pot for 16 Vpp dual polarity pulses as shown on the schematic, 
(Note: 91A must be given 'a WRITE conmand during these tests). 

8 

91A 

Balance Pot Preset 

Leave CH2 probe setup and ch^ge triggering mode to CH2. Now set CHI to same 
vertical ^sensitivity, switch to differential display mode and‘ rotate BALANCE 
pot for minimum display amplitude. (This adjustment is preliminary since it is 
a differential voltage measurement and is not an exact reflection of the 
differential current balemce at the head) • 

8 

91A 

Head Amp Check 

Remove' probes and lower the data head. Using H/W controller pushbuttons, write 
data onto disc and release button. Place CHI probe at TPl and check for 
relatively noisy 300 mVpp readback signal as shown on schematic. Host intense 
portion of waveform should be triangul 2 ur in appearance. Hove td TP2 and again 
verify waveform. Finally check output signal at TP12. Trigger on rising edge 
and set up scope display to mach figure on schematic. Note jitter on falling 
edge of data signal: ten nanoseconds is acceptable. Xf jitter is muc)i greater 
don^t be alarmed yet, it could be due tp vrite-an^ imbalance, which will be 
trimmed next. 

10 

93A 

Edge Detector Checks 
Write Amp Balance 
Adjustment 

Plug in the DATA CLOCK RECOVERY PLL, board 93A. Check for a clean data signal 
at TPl, using same probe as was used in step . The waveform should be 

virtually identical. Now move probe to TP3, and' trigger on falling edge. . 
Observe train of negative-going pulses about 10 nsec wide as shown in figure on 
the schematic. Carefully note the jitter on the middle pulse. While watching 
this, write data onto disc while slowly varying the BALANCE pot on 91A* A pot 
position will-be found that procedures the minimum jitter iir*this piilse. The 
jitter should be approximately 10 ns or less. 

11 

93A 

Cell Detector Adjust* 
isent 

Place' probe just used on TP4 and rotate 100 NS ADJ pot. to produce a clean 
square wave at The rising edge jitter should be ^XO nsec. (Waveform 

will have a small irregularity due ^ track-switching. 

12 

93A 

Clock Phase Calibra- 
tion 

Set up scope for 2 channel display of TTL waveforms. Trigger CHI on falling 
edge of TPIO and display TP0 on CH2. If PLL is locked, CH2 display will appear 
stationary w.r.t. CHI, but will not necessarily be in-phase. Rotate BIAS pot 
on card edge to produce ^^60 nsec lag in signal on TP8 as shown on schematic. 
This completes the adjustments of 93A. 











stop 

Board 

Adjustment 
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92A 

Readback DATA 
Check 

Switch Si to OPR* Trigger scope CHI on TPl and use sync separator to display 
sweep triggered on vertical interval. Check TP7 with CH2 and verify that 
negative-going pulses only appear during region of vertical interval (while 
data tracks are being switched) • How laove probe to TPll ^uod carefullv compare 
both COMP SYNC signals* One should find discrepancies only during the vertical 
interval. 

14 

112A 

Preliminary Check 

Plug in 112A sjtd place SI (Autowrite) in OFF posit ion i S2 in TEST positin* 
ERROR LED should be OFF and ERRORL LED may be in either state* Check TP's 4« 
15 for HI state, TP9 for HCOKPSYMC, TP12 for 2,04545 MHz clock signal. • 

15 

112A 

Vertsync Processor 
Check 

Trigger scope CUl on TP7 and note pulse as shown on schematic once each vertical 
intervali display two pulses on screen* Using CH2^ check TPIO for GVp each 
vertical interval and TPll for GPlp every other vartical interval* tr these are 
present r processor is OK* 

16 

112A 

Error Proceseing 

Flip 52 to NORM position; this supplies clock , data, and error signals from the 
disc to 112A's processing circuits* if data stream is error-file, ERROR tjrr 
should be OFF* (Flashing behavior indicates problems in read-back signal which 
may be associated with 1) physical disc surface problems i 2) he 2 ul flying ing>roper- 
ly, or 3) sub-optimal PLL clock recovering and/or phase alignment* Carefully 
recheck system to determine the cause (s)). Assuming everything is OK proceed 
to touch the back of the socket to which the data head is connected* The ERROR 
LED should flash momentarily, indicating that errors are present* In order to 
make the ERRORL LED go out, write data (mainually) onto disc* Both LED's should 
now be out* If AUTOWRITE is being used (in Receive termini only) , flip SI to 
AUTO position* Now, touching socket with finger will cause BOTH LED's to flash 
on and subsequently go out, indicating that the data has automatically been re- 
written* If this is not the case, check one shots on 112 a for proper time 
constants# as shown on schematic* 

17 

114A 

Set-up 

' 

Plug in final board DSYNC PROC2, 114 A* (Note: this board may be checked with 

either XTAL-referenced or DISC-referenced signals as selected on I12A) * Check 
TP's 1# 2, 3 for GH, GMCK, and GCOMPSYHC respectively (see timing diagram)* 
(These are the only input signals to the board) • 

18 

114A 

Burstgate lockout 
Pulse Width Adjust- 
ment 

Place probe on TPS and rotate 9H ADJUST pot to provide a negative-going pulse 
of ^572 ^sec duration, present every vertical interval* Using delayed sweep, 
check falling edge to verify that it is stable in time (i.e*, not jumping ^H/2)* 
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Step 

Board 

Adjustment 1 
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114A, 

Delta Counter . 
Check 1 

Place CHI probe on TPIO and trigger on rising edge (the HI state enables the 
counter) « Place proper preset on DIPSWITCH/ HlS as shown on schematic 
9601-^114 « TPlO should fall low at end of ^ count; note that pulse should 
be of constant duration and have a stable falling edge. Erratic behavior 
indicates fault in A count subsystem or noise entering on either 7P*s 1 or 2* 

20 

■ i 

114A 

HORZ Counter 

Check . . 

The falling edge of signal on TP4 ( A count) enables the HORZ counter. Sub- 
sequent combinational logic <U7-Ull) decodes the three horizontal sync signals / 
which are reclocked in reaister U12 to provide stable* qlitch-free sicmals 
synchronous with GMCK. Check the timing relationships for GHORORIVE (TP7 ) , 
GHORBLANK (TPS) and GBURSTGATE (TP9) on timing diagram. GBURSTGATE should 
appear to flicker* indicating its absence for 572psec in the vertical interval. 

21 

114A 

A Counter Final 
' Verification 

Trigger CHI with TPll* (SCOMPSYNC and display two horizontal sync pulses. Using 
expanded sweep* place the second pulse in view so that the leading and trailing 
edges fill the screen. Now display TP7, GHORDRIVE on CH2. Preset dipswitch 
code to lOOoillO » 113. The rising edge of TP7 should precede the rising edge 
of TPll by 1.4667usec. Once observed^ return preset to proper code. 


This coiQpletes the DATA GROUP, alignment « 
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ELECTRONIC HETERODYNE HOLOGRAPHY 


3-1 Introduction 

A system that records optical holograms electronically using 
a phase modulated reference wave has been developed and is described 
in this report. Application of phase modulation to the reference 
wave enables the use of a low resolution camera to record the 
hologram while still providing separation of the desired object 
wave information from the undesired self interference terms in the 
reconstruction process. 

The basis of optical holography is the formation and recording 
of an intereference pattern between an object wave and a reference 
wave.^ One component of this interference pattern is an intensity 
distribution which is proportional to the complex amplitude of the 
object wave. It is this component which, when recorded and illtimi- 
nated with a duplicate of the reference wave, permits exact recon- 
struction of the object wave. Unfortunately, however, the inter- 
ference pattern also contains information resulting from self inter- 
ference of the reference wave and of the object wave. These latter 
components, when recorded and reconstructed, can produce undesired 
waves which severely degrade the reconstructed object wave unless 
measures are taken to avoid this. The usual procedure used here is 
to design the recording geometry such that the reconstructed object 
wave is physically separated from the undesired waves. This is 
accomplished by use of an off axis reference wave, the effect of 
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which is to produce a high spatial frequency "carrier" in the 
interference term. The cross-interference term then appears as 
an amplitude modulation of this carrier frequency, while the self- 
interference terms remain as a base band signal. The net result 
of this spatial frequency shifting operation is that on reconstruc- 
tion the object wave is separated in angle from the reconstructed 
self interference and no degradation occ\irs. The cost of the off- 
axis recording geometry is that the recording medium now must have 
a high resolution CIOOO to 2000 lines/mm) . While this is straight- 
forward when the recording medium is photographic film, it is im- 
possible with available television cameras, and therefore a new ' 
method of separation is necessary. The use of a television camera 
for electronically recording a hologram is, in principle, possible, 
because the maximum spatial frequency in the cross interference 
term is determined largely by the amovuit of parallax required, al- 
though the spatial frequency spectrum of the object will also have 
some effect. Thus if the self-interference terms can be eliminated, 
the necessary cross-intdrference terms can be recorded on a tele- 
vision camera with only a loss of perspective and -perhaps some 
degradation of resolution of object detail. The latter will in 
fact occur only if the camera cannot resolve object detail in a 
conventional direct imaging system. 

The system described in this report uses heterodyne modulation 
of the reference beam to^ eventually eliminate the ‘self interference 
terms from the hologram. Since the function of a television 
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camera — in this case a video image dissector — is to convert a 
spatially varying intensity pattern into a time varying electrical 
signal, the net result of phase modulation of the reference wave 
is to produce a time frequency analog of the spatial frequency 
shift resulting from use of an off-axis reference -beam. As. a con- 
sequence, the various components of the original hologram appear 
as separated, band-limited signals in the time frequency domain. 
This enables, by use of coherent mixing and filtering,' production 
at the display device of a hologram containing only information 
relevant to reconstruction of the real and virtual images, albeit 
with limited parallax. 

A theoretical analysis of the system, including a scheme for 
production of large parallax views by superposition of a number of 
limited parallax holograms, is given in Section 3.2. Section 3.3 
contains a description of the present system and results obtained 
to date. Section 3.4 contains a summary of results and a discus- 
sion of work to be performed during the next year. 

3.2 Electronic Heterodyne Holography-Theory 

A means of electronically recording optical holograms using 
a phase modulated reference wave has been developed. The feasi- 
bility of recording holograms via television techniques was first 

2 

examined by Enloe et al. , who determined the key problem to be 
the low resolution of the television camera tube (approximately 
40 lines/mm) . Typical off-axis optical holograms requre a 
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recording medium with resolution of 1000*“2000 lines/mm.' 

To overcome this resolution p^roblem .an in-line*. Gabor recording 
geometry is^ used in the system described here to produce a hologram 
on the photocathode- of a television camera tube* This geometry 
produces spatially overlapping self-and cross^ interference terms 
all of which may lie within the resolution capabilities of the 
camera but are not' spatially separable* However, these terms are 
separ^ie (temporally) if the hologram reference wave is phase 
modulated* 

Phase modulation of the reference wave temporally modulates 
the hologram (interference pattern) , shifting the cross-interference 
term to harmonics of the phase modulation frequency* Such a holo- 
gram may be recorded with a non-integrating television camera and 
processed by a heterodyne* detector to select only the cross- 
interference terra for subsequent electronic processing and/or 
display. 

This process of electronic heterodyne holography will be 
theoretically examined for the recording geometry of Fig. 3*1 in 
the following sections* 

3.2.1 Electronic Recording of Single- View Holograms * Consider 
the recording geometry of Fig. 3.1. The hologram is formed on the 
photocathode of an image dissector camera (or any other non- 
integrating type photodetector) . The reference wave is phase modu- 
lated by. an electro-optic modulator and the resulting time- dependent 
interference pattern is electronically acquired and processed. 



BEAM SPLITTER 



(a) Optical Recording Geometry For Transparent Objects 


Figure 3-1. Electronic Heterodyne Recording of Holograms Using A Phase Modulated 
Reference Wave 
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CUBE BEAM SPLITTER 



(b) Optical Recording Geometry For Opaque, Diffuse Reflecting Objects 


Figure 3-1 . (Cont. ) 
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(c) Rhase Sensitive Detector And Non-Real Time Hologram Recorder 


Figure 3-1. (Cont.) 
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Let the object ,wave*"be described by the plane wave expansion 

U (X/Y) = "I O. (x^y) cosfojt fl.x] , (3.1a) 

i 

where 

- (27T sin0^)A r 

t 

X is the wavelength of the recording light, and o) is its circu- 

c 

lar frequency. Note that this is an expansion of an optical wave- 

3 

front in terms of its angular spectrim. 

The reference wave may be similarly written as 

U (x,y) = R(x,y) cos [wt + 6 sin co t] (3.1b) 

R H 

which is a single plane wave normally incident upon the recording 
surface. The phase of this plane wave is modulated at a frequency 
oi (called the heterodyne frequency) with a modulation index 6 . 

If an image dissector camera, i.e., an x-y scannable photo- 
multiplier, is used for recording, it acts as a square law detector 
followed by a low-pass filter. 

The optical amplitude on the recording surface, the- photo- 
cathode of the camera, is then 

e(x,y) = R cosEwt + S sin o) t] + ^ 0. cos[wt-i2.x] , (3.2) 

H * 1 X 

1 

where the explicit x,y dependence has been dropped for brevity 
of notation. Squaring (3.2) and recognizing that optical frequency 
terms will be filtered out by the camera, the camera output will be 


given by 
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- sin£2,x sin(6sin&3 t)] {3.3) 

It is interesting to establish a physical interpretation of (3,3), 
i.e., the physical result of phase modulation of the holographic 
reference wave. Consider the sinusoidal interference pattern of 
Fig. 3.2. As a most general case of non-xiniform background inten- 
sity ACx) I to represent the presence of other images, e.g., self*^ 

interference terms] is assumed. The interference pattern intensity 
may be written as 

Z(x) A(x) + B cos kx (3.4) 

where k is the spatial frequency of the interference pattern. 

Assume that at any point one can sinusoidally shift (phase 

modulate) the interference pattern S radians about x^ at. a fre- 
quency 0 )^ , the shift, S(x^) , is given by 

S(x ,t) - ACx ) + Bcosikx + 5^sinco„tl 
o o o H 

S(x ,t) - ACx )’ + Bcoskx cosISsinw t] -Bsinkx sin[5sinw t] C3.5) 
o o o , H o H 

The result (3.5) is completely analogous to the terms in the series 

ej^ansion of (3.3) indicating that these terms represent an apparent 

spatial shifting (modulation) of the hologram at an angular frequency 

0) . 

H 

Returning to (3.3), the holographic cross- interference terms 
required for reconstruction may be e^licitly formed by expanding 



INTENSITY 
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the expressions cos[ 6 sinoj t] and sin[Ssin<o t] in a Fourier- 

H H 

Bessel series, i*e*, 

CO 

cos( 6 sino> t) = J (5) + 2 'I cos(2£. u) t) 

H O ft 1 H 


sin( 6 sin( 0 jjt) =2 ^ sin[(2A+l) Wgtl (3.6) 

it=o 


Using (3.6) in (3.3) and rearranging terms 


_ + "T I I 0.0. cos[ (fl.-n.)x] + RJ (6) y 0. cos£).x 

2 2““ri o "1 1 

13 X 

00 

+ 2R y Jr>(j(^Hy o. COSQ.x] COS(2£ ti) t) 

2X i 1 X H 

00 

- 2R I °i sin({2£+l} (o^^t) (3.7) 

£=o i 


The terms 2RJ_ (5) 7 O.cosJi.x and “2RJ (6)7 0.sin£2.x 

, .r i 2564*1 , 1 1 

1 1 

represent the cross -interference terms required for holographic 
reconstruction of U^(x,y) ♦ All other terms are self-interference 
terms. 


3.2.2 Separation of Cross- and Self-Interference Terms . In 
conventional optical holography the cross-interference terms, i.e., 
the real and conjugate terms, are separated from the self- 
interference terms by recording with an off-axis reference wave. 

The off-axis reference is manifested on the hologram as a high 
spatial frequency carrier ( 1000-2000 lines/mm) onto which the image 
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terras are modulated by the interference process. As a consequence 
only high resolution recording media can be used to record an off^ 
axis hologram. This high frequency recording medium requirement 
has been the major obstacle to television recording of holograms. 

In general, television cameras have maximum resolutions on the order 
of 40-60 lines/ram. This is over an order of magnitude less than the 
resolutions required to record an off-axis hologram. Only when a 
Gabor configuration is used' to record a hologram is the response of 
the television camera adequate — however, the self- and cross- 
interference terms spatially overlap and the resulting images are 
not optically separable. 

A close examination of (3.7) shows that phase modulation of the 
optical reference wave allows separation of the self- and cross- 
interference terms in an in-line geometry. The cross-interference 

teirais lie at multiples of the heterodyne frequency f and may be 

H 

selectively detected by filtering and/pr heterodyne detection. 

The criterion for selecting which harmonic is to be detected 
depends upon the relationship among the heterodyne frequency, camera 
scan rate, and spatial frequency spectrxmi of the object wave. Con- 
sider, for example, the first harmonic term. From (3.7) 

S = -2RJ (6) (}] O. sinft.x) sinw t (3.8) 

X 

If (3.8) is scanned horizontally at a velocity ■ v^ , each component 
of the summation will give rise to a temporal frequency component 
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f . 

X 


2tt sin0. 
X 

X 


X 


a. 

X 


The effects of vertical scanning may be neglected since horizontal 

scan velocities are much higher than vertical sc^ velocities for 

television-type raster scan formats. 

Note that if the an^lar spectrxam of is limited to a 

maximum angle 0 r i-e»/ the maximiam angular field of view is 

^max ' follows that the recorded hologram will be temporally 

band-limited to the frequency interval [O^f ] where 

^ max - 


f 

max 


V 27t sinO 
X max 

r : = V u 

X X max 


(3.9) 


The object term may then be viewed as a 'signal of bandwidth f 


max 


modulated onto the carrier f 


H 

Because the reference wave is modulated at a single sinusoidal 
frequency w , the spectral width of the reference wave is negli- 

H 

gible. As a result the temporal frequency spectrim of (3.7) is much 
like a picket fence (Fig. 3.3) . The self-interference terms 



0,0. cos[(R.-a.)xl + RJ (6) 
X 3 X 3. o' ' 



cosSl^x 

X 


are temporally hand-limited to • however, the camera response 

bandlimits the self-interference terns to f . This assumes that 

max 

the camera resolution determines' f since from (3.9) f = 

max max 

I 

V U where ^ is the maximum resolution of the camera. If 
X max max 
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CAMERA LIMITED RESPONSE 
“1 *Orawn for the case 


■■ frequency 

(b) SELF- INTERFERENCE TERMS 

Legend: f - maximum temporal frequency content of 

scanned hologram 

- camera scan velocity ' 

- maximum camera spatial frequency response 

- heterodyne frequency 

Selection criteria: f^ > 2f ^ 

H max 


Figure 3-3. Frequency Spectrum of Camera Output 

For Electronic Heterodyne Recording of 
A Hologram 
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the camera’s resolution is liitiited by S2 the self-interference 

max 

terms occupy the spectral region [0,v 3 as shown in Fig. 3.3. 

X Itl3X 

(In most cases the camera resolution will determine ' f .) This 

max 

gives rise to the 'criterion 


H 


2 V Q 
X max 


(3.10) 


for separation of the cross-interference terms in the camera output 

spectra. Assuming that this criterion is satisfied, the harmonics 

of (I) in (3.7) are individually separable by bandpass filtering 
n 

or heterodyne detection. For purposes of illustration assume that 
(3.7) is bandpass filtered to obtain the term centered at w . 

I " H 

Let denote this term 

S (t) = -;2J (6)R(v t,y) (T O. (v t,y))sin(2.v t sinw t (3.11) 

1 X X..XX XX H 

X 

3'. 2. 3 Display of Recorded Holograms . Once the cross- 
interference term has been- recorded, an optical display must be 
produced. One method of producing a display is to write the cross- 
interference term onto a display device (CRT, etc.) and photograph 
the resultant two-dimensional image. If the film is properly ex- 
posed, the amplitude transmittance of the res-ulting photograph, using 
(3.11) as the signal to be recorded, is 

r f \ 

T(x,y) = I - Y2J (S)R(x,y) (], O. (x,y) ) sinfi.x sin I 1 (3.12) 

B 1 , X X \ V / 

X \ X / 

h 

where is an optical bias level and Y is a proportionality 
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constant* Note that it is assxmed that no scale transformations 
take place in the recording, process ^ The factor sinCo)„x/v ) in 

H. X 

(3.12) is the result of retaining the carrier frequency term 
sinw t in the recording process; the temporal frequency u is 

il ' H 

translated into a spatial frequency recorded hologram 

The hologram (3.12) is identical to the hologram resulting from 
optically recording an off-axis hologram at an angle 0 where 


srnB = — A* 

' V 
X 


(3.13) 


and A is the wavelength of the light used to record and recon^ 
struct the hologram. The result of reconstructing such a hologram 
is shown in Fig. 3.4. 

In practice^ band-pass filtering cannot be used to select the 
cross-interference term if a two-dimensional display is to be gener- 
ated. The term sinCw^^x/y^) must maintain the same relative phase 
from line to line in the display. This is not possible xinless the 
horizontal scan and the heterodyne oscillator are phase locked. A 
simpler alternative is to heterodyne detect the desired holographic 
term — a process which removes the carrier frequency term. The 
carrier may then be reinserted before writing the hologram onto a 
display by modulating the detected signal with a triggered oscil- 
lator. In this manner any off-axis reference wave within the 
resolution capability of the display may be generated. It is not 
necessary that an off-axis ref erence wave be reintroduced prior to 
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BEAM AS VIEWED HEADON AT A LARGE DISTANCE 


FROM THE HOLOGRAM 



VIRTUAL IMAGE WAVE \ y REAL IMAGE WAVE 

\ / 

>s. 

HISSING ZERO-ORDER WAVE ’ RECONSTRUCTION WAVE 


Figure 3-4. Result of Reconstructing Electronic 
Heterodyne Hologram 



264 


writing the display; (3.11) may be written onto the display without 
carrier insertion to yield- an in- line hologram. 

3.2.4 Multi-View (Wide Perspective) Holograms . In principle, 
it is possible to replicate a higher resolution hologram than can 
be resolved by the camera. The resolution of the camera limits the 
resolution of the recorded hologram to 40-60 lines/ntm. However, the 
display device will often have a higher resolution. Even if it does 
not, the effective resolu-tion may be increased by using a large dis- 
play device with a sufficient number of resolution elements for 
writing and photographically reducing the replicated hologram. Any 
extra resolution of the display may be used to advantage to synthe- 
size single wide-perspective holograms from several narrower 
perspective holograms. 

In such a hologram each view corresponds to a different direc- 
tion, or angle, of the phase modulated reference with respect to 
the normal to the recording plane. The direction of the reference 
wave may be shifted by rotating the final beam splitter in Fig- 3-1. 

Each view (hologram) is assigned a tinique off-axis reference 
wave incident at an angle which may be written in the manner of 
(3.1b) as 

(U ) - R COS E(ot + (Ssin( 0 ,,t - xj (3.14) 

R n n - H n 

where the subscript indicates an unique off-axis reference. The 
object wave will remain the same as (3.1a) . For this choice of 
object and reference wave the camera output will be 



265 


+ -^ I I 0.0. cos[ 
n 2n 2““i] ]i 

ID 


(3.15) 


+ y R 0.{cosJ).x cos (6sint«j t-fi x) -sinQ.x sin(6sinfj)„t-SJ x) } 
.nxjL liH X ixH 


Ej^anding (3*15) in a Pourier-Bessel series and collecting terms 

* I 

= ■— R^+-^ y y cos [ (J2 .-ft-. )x] + J (6) R T O. cos (ft. -ft x) 
n 2 n 2 h H 31 . o n?i xn 


1 D 


+ 2R O cos£(ft.-ft )x}] \ 2Ao) t 

n i X X n 2£ H 


- 2R^[J] 0^. sin{ (ft^.-ft^)x}l ^ sin[(2£+l)o)^t] (3.16) 

%-o 


If a heterodyne detector is used to selectively detect the first - 
harmonic output of the camera, the detector output will be 

S = -2R J, (6)[T 0. sin{(^,-<:^ )x}] (3.17) 

n n 1 . X X n 

X 

Note that this term is low-pass filtered by the camera to -Uie 

frequency interval [0,f ] . 

max 

The corresponding term for an on-axis reference wave was 

S, » -2R J, (6) y 0. sinft.x (3.18) 

1 1 r X X 

1 

A comparison of (3.17) and (3.18) reveals that the effect of an off 
axis reference wave is to linearly shift the spatial frequency spec 
trum of the object wave by an amount Aft . A particularly useful 


choice of Aft is 
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Q = nAU ^ nQ n = 1, 2, , N (3.19) 

n max 

If (3;r9)‘ £s satisfied, each view will be a different segment of 
the total spectrum of the object wave. These views can be combined 
on a suitable high-resolution display to recreate the total spectrum 
of the object wave (see Pig. 3.5 and Pig. 3.6). 

Because each view has a bandwidth of the views may be 

frequency multiplexed together ^ before the recording process to 
yield a higher frequency spectrum of the object than^ the camera can 
record. The recording process then translates this temporal fre- 
quency multiplexing iiito spatial frequency multiplexing of the in- 
dividual holograms to create a wide-view, high resolution hologram. 

To model this concept, let N views of an object be acquired 
in the manner of (3.17) and stored in a suitable video memory 'device 

(such as a video disc) . Each view S is recorded with an off- 

n 

axis reference wave at an angle ' 0^ defined by 

sin 0 -nAfl. (3.20) 

max 

Prior to being written onto the display, each image is modu- 

lated by a sinusoidal signal of frequency , defined by 

f - nv ^ . (3.21) 

n X max 

Assume that each view, , is read out from the memory device and 

written onto the display at a scan velocity so that the explicit 
substitution x = v t may be made in (3.17). If the resulting 

X 


4 



N-TRACK VIDEO DISC 



Figure 3 t 5. Schematic Diagram of System to Synthesize Wide Perspective 
Holograms From Narrow View Holograms Using A Multi -Track 
Video Disc Electronic Memory 
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Reference 

Have 



Photocathode 
of Canera 


Recording Wavelength-A 

Maximum Spatial Frequency Response of Camera ^ 

(a) Recording geometry for recording holograms via heterodyne method. 



B - maximum spatial frequency of hologram 


(b) Spatial frequency spectr\mi of hologram (cross-^interference term) 
for different recording angles. 


Figure 3-6. Wide-Perspective, Multi -View Hologram Concept. ^ 
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Recording Angle « 6 

0 

max 

2sin"^ (Xn )' 
max 

View within 
Camera Response 

V^(x) 

o 

V^(x) 


Camera Output 
(X = Vt) 

V^(t) 

v,(t) 

Vj,(t) 

Frequency Shift Camera 
Output and High-Pass 
Filter 

V^(t) 

V^(t)cos(D^t; w^=vn^ 

V2(t)coso)2t? K)2“2^^fflax 

Record onto Film at 
Velocity V (t = ^) 
Develop & Expose Film 

c +YV (x) 
o o 

C.+W (X) 
X o 

Cj+TVjCx) 

Spectrum of 
Transparency 

[0,U ] 

max 

max max 

{2(2 , 3R ]' 
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c^r * i^acJcground tremsparancy 

y * film constant 


■ A (c) Process and record single views onto film. 


ORIGINW- PASf ® , o 

OF. 

OF, PPO%,^ 


T = I + Y j; 

i i 


Uniform Background Wide-Perspective Hologram 
(d) Superimpose views to achieve a wide perspective hologram. 


Figure 3-6. Continued 
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expression is modulated by a sinusoidal signal of frequency n 

n 

defined by (3.21), each view becomes 

N 

J, (6) yo.cos(ft.v t-2S2 V t) . 

1 ^,1 XX n X 

n=l 

(3.22) 

Equation (3.22) may be high-pass filtered to remove the second term. - 
Such filtered terms may be combined, either electronically or opti- 
cally, onto a display of sufficiently high resolution to yield a 
display transmittance 

N 

T(x,y) = I +Y I R J^(6)[^ 0. cosfi. v t] , (3.23) 

n=l X 


S’ = R J, (6) [V 0. cosS2. V t] +R,^ 
n nl “X xxnl 


where each view has been reinserted into its proper frequency slbt 
to recreate the original wide perspective object wave (see^Fig. 3.6). 
Note that the maximum optical density of the display medium will 
determine the contrast of the individual holograms if many holograms 
are to be combined* If n such holograms are to be displayed at 
one time each hologram can only utilize 1/n of the usable optical 
density range if the resultant display is to have a linear display 
of intensity. 

A schematic diagram of a system capable of recording and 
displaying wide-perspective electronic holograms is shown in Fig. 

3.5. Note that heterodyne detection is necessary to this concept — 
the individual holograms are band limited to Aw to allow maximum 


utilization of the bandwidth of the video disc buffer memory. Base- 
band recording onto a video disc provides simple, low-cost storage 
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for a large mamber of electronic holograms with the carriers being 
reinserted prior to the display process. 

It is significant that several devices which appear capable of 
synthesizing multi-view holographic displays have recently become 
commercially available. Hughes Aircraft has developed a liqtiid 

i 

crystal light valve which may be written with a CRT aind can be used 
to modulate the phase of light reflected from it. A display system 
concept based upon this device is shown in Fig. 3.7(a). Itek Corpo- 
ration has developed the Pockels Read Out Modulator which phase 
modulates light transmitted through it. This device must be written 
by a laser operating in the blue-green portion of the spectrum. A 
display concept using this device is shown in Fig. 3.7(b). Future 
theoretical work on the synthesis of multi-view holograms will be 
coordinated with an analysis of available technology to determine 
achievable goals. 

3.3 Experimental Confirmation of Electronic Heterodyne Recording 

In the previous section the theory underlying the electronic 
heterodyne recording of holograms was developed; in this section 
e:q5erimental investigation of electronic heterodyne recording 
principles will be- reported. 

3.3.1 The Essperimental System , The optical arrangement used 
for testing the heterodyne detection concept is shown in Fig. 3.8. 
The configuration is essentially that of a Mach-Zehnder interferom- 
eter and is used to generate simple interference patterns from the 
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(a) Real-Time Holographic Display Using CRT Controlled 
Liquid Crystal Light Valve 


Figure 3-7. Real-Time Holographic Display Concepts 
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(b) Real-Time Holographic Display Using PROM 


Figure 3-7 


(Cont.) 
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BEAM SPLITTER 



Figure 3-8. Optical Configuration For Testing Electronic Heterodyne Holography 
Concept 
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interference of plane or spherical waves. Such simple interference 
patterns are not to be confused with the more con^lex interference 
patterns associated with optical holograms of objects. 

In the system diagrammed in Fig. 3.8, beam expemders are used 
to generate spherical wave fronts which are combined at the beam 
splitter to create interference patterns similar to that shown in 
Fig. 3.9. Note that this interference pattern is circularly sym- 
metric and does not have a uniform fringe spacing. This pattern was 
originally chosen to test the spatial frequency response of the 
camera/detector/CRT recording system. However, to measure spatial 
frequency response, the intensity of the interference pattern must 
be viniform over the apeture of the camera — a feature which was found 
to be impossible to acconplish with the small beam expanders avail- 
able. Although, the interference pattern was not suitable to measure 
spatial frequency response it did prove satisfactory to demonstrate 
the principle of electronic heterodyne detection and replication as 

t 

well as to establish the basic parameters of the detection electronics. 

3.3.2 Spectral Analysis of the Detector Output . A spectrum 
analyzer was used t6 examine the output of the image dissector camera 
(see Specifications, Appendix I) used in the optical configuration 

r 

of Fig/ 3.8.* 

<• 

The spectrum einalyzer was first used to establish the noise 
levels of the equipment. With the optical components securely fas- 
tened to a massive vibration isolated optical bench and a glass case 
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Experimental Data: 

PAR 5202 Lock-In Amplifier, 100 -Hz Bandwidth 
Heterodyne Frequency = 100 kHz *, 
Electro-Optic Modulator Drive = 2QQ volts p-p 


Figure 3-9. Typical Interference Pattern Recorded 
In Test Configuration of Figure 3-8. 
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enclosing the experiment, interference patterns remained stable over 
periods in excess of ten minutes. (Ten minutes was simply the long- 
est time period examined cmd it is probcdDle that the interference 
pattern is stadDle over much longer periods.) 

The noise level of the camera output with no optical input to 
the camera is presented in Fig. 3.10(a). This electronic noise was 
found to be approximately -70 dbm (analyzer bandwidth = 10 kHz) 
throughout the frequency interval 0-10 MHz. The camera response to 
a stationary interference pattern, i.e., no modulation, is shown in 
Fig. 3.10(b). Note that the noise is essentially flat to 10 MHz and 
quickly decreases to a minimum at 20 MHz. This roll off corresponds 
with the frequency response characteristics of the camera. 

The frequency separation of cross- interference terms may be 

• >■ 

observed by examining the camera output in the frequency domain when 

the reference wave is phase modulated and the Ccunera is not scanned. 

The spectrum of the camera output for this situation is shown in 

Fig. 3.11. Using a phase modulation frequency of 100 kHz the first 

and second harmonics are easily discernable above the camera noise. 

/ * * 

The firstf-tJiin«pnic is approximately 30 db above the noise level; the 

second hafmoniq, 15 db. This information by itself is not sufficient 

to predict the quality of the hologram as recorded on film. Film 

recordings of interference patterns were made from the first and 
I ' . 

second harmonic signals and, although the signal levels did differ 
considerably, the recorded interference patterns were similar (see 
Fig. 3.12). This experiment will be reported upon in more detail 
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ORtGINAL PAGE IS 
OE POOR QUALITY 



Spectrum Analyzer: 

100 kHz/horizontal division 
Reference level = -20 dbm 
Bandwidth = 10 kHz 

Horizontal Scan Rate = 0.1 sec/division 
Optical Input: 

None 

Image Dissector Camera: 

No-t Scanned, Spectrum Analysis at a Single Point 


(a) Camera Noise Spectrum For No Optical Input 


Figure 3-10. Noise Spectrum Analysis of Image Dissector Camera 
Output in the Test Configuration of Fig. 3-8. 
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Spectrum Analyzer: 

5 MHz/horizontal division 
Reference Level = -20 dbm 
Bandwidth = 30 kHz 

Horizontal Scan Rate = 50 msec/division 
Optical Input: 

Unmodulated Laser Beam 
Image Dissector Camera: 

Not Scanned, Spectrum Analysis at a Single Point 


(b) Camera Noise Spectrum With Optical Input 


Figure 3-10. (Continued) 
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Spectrum analyzer: 

50 kHz/horizontal division 
Reference level = -20 dbm 
Bandwidth = 1 kHz 

Horizontal Scan Rate = 0.1 sec/division 
Optical Input: 

Reference Wave Modulated at 100 kHz 
Electro-Optical Modulator Drive = 200 volts p-p 
Image Dissector Camera: 

Not Scanned, Spectrum Analysis of a Single Point 


Figure 3-11. Spectrum Analysis of Camera Output For A 
100 kHz Heterodyne Frequency in the Test 
Configuration of Fig. 3-8. 
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later in Section 3. 3. 3.1. 

In all experiments using a spectrxjm analyzer the camera was 
not scanned either horizontally or vertically. Only extremely slow 
scan rates were usable with the heterodyne detectors investigated 
and, as a consequence, the modulated signals were very narrow bcind 
and not significantly different than the unmodulated waveforms shown 
in Fig. 3.10. 

3.3.3 Heterodyne Detection of the Camera Output . As seen in 
the previous section, phase modulation of the reference wave creates 
a spectrum of harmonics of the modulation frequency. This is in 
accord with the theory of Section 3.2 which predicts an infinite 
number of harmonics each of which is, in principle, capable of being 
used to create a three-dimensional hologram. The current research 
program is not yet sufficiently advanced to demonstrate the actual 
recording of a complex hologram; however, heterodyne detection of 
interference patterns has been demonstrated and the effects of 
various sytem parameters have been investigated. 

Commercial instruments capable of performing heterodyne detec- 
tion are called lock-in amplifiers and have been used in electro- 
optic instrumentation. A block diagram of a lock-in amplifier is 
shown in Fig. 3.12. The major subsystems are a mixer (which may be 
preceeded by a bandpass filter) , a low pass filter following the 
mixer to remove unwanted signals, and a local oscillator. The modu- 
lation (heterodyne) signal serves as the local oscillator for the 


MIXER 



Figure 3-12. Schematic Diagram of Lock-In Amplifier (Phase Sensitive Detector) 
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detection of phase modulated holograms. A phase shifter is used to 
maximize the an^litude of the detected signal. Newer lock-in ampli- 
fiers have eliminated the phase shifter and measure magnitude and 
phase directly. This is accomplished by using quandrature mixers 
(local oscillators 90 degrees out of phase) and vectorially combin- 
ing their outputs to yield the signal magnitude. The phase may be 
similarily derived. 

In general, lock-in amplifiers can be used only at reference 
(heterodyne) frequencies less than 1 MHz. This immediately precludes 
use of such instruments for real-time holography (the heterodyne 
frequency must be at least 5 MHz to permit adequate signal band- 
width) . The only lock-in amplifier which can operate above 1 MHz 
has such a small maximum signal bcindwidth (100 Hz) that it is com- 
pletely unsuitable for hologrcun acquisition. The technical specfi- 
cations of some commercially available lock-in amplifiers are 
tabulated in Appendix 3.1. Because of the lack of suitable commercial 
heterodyne detectors a detector capable of operating in the fre- 
quency rcuige 5-20 MHz with signal bcuidwidths up to 5 MHz is under 
development. 


3 . 3 . 3 . 1 Detecting interference patterns with a PAR HR-8 . The 
HR-8 is a commercial lock-in amplifier manufactured by the Princeton 
Applied Research Corporation. It can be operated at a maximum het- 
erodyne frequency of 150 kHz with a maximum signal bandwidth of 
10 kHz. The resulting performance is too restrictive for the 
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Figure 3-13. Interference 'Patterns Recorded With A PAR HR-8 
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acquisition of real-time holograms. The capabilities of the HR-8 
do, however, permit the examination of the heterodyne holography 
concept. 

The HR-8 was used to record the interference pattern of Fig. 3.9 
for a variety of camera scan rates cuid signal bandwidths. The re- 
sults are shown in Figs. 3.13 and 3.14. The phase shifter of the 
HR-8 was adjusted to maximize the detected signal/noise ratio for a 
camera sccin velocity of 12 cm/sec and a detector signal bandwidth of 
10 kHz. The signal input to the CRT film recorder was adjusted to 
1 volt p-p to keep the beam intensity within the linear rcuige of 
the CRT (H-P 1333A) . No further adjustments were made as the 
camera recorder scan velocity and HR-8 bamdwidth were varied. 

Referring to Fig. 3.13, it can be seen that as the camera scan 
velocity decreases,* the spot brightness increases. This results in 
the recorded film being overexposed with attending loss of detail. 

A similar result occurs when the detector bandwidth is decreased. 

As the detector bcuidwidth decreases, high frequency components of 
the interference pattern are lost through filtering and the resulting 
recorded interference pattern appeaurs smeared, as shown in Fig. 3.13. 
These effects are more apparent in Fig. 3.14, which shows the detector 
output corresponding to the central scan line of the recorded 
interference pattern. 

The HR-8 lock-in amplifier was used to compare heterodyne 
detection at the first and second hcLcmonics of the modulation fre- 
quency. From (3. 7) the expressions for the first and second harmoic 
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signals in an in-line geometry are, respectively, 

= -2 RJ^(5) I sin (3.24) 

i 

and 

S = -2 RJ (6) I sin 0.x , (3.25) 

^ 4b • i 

1 

where the reference wave amplitude R is assvmied to be constcuit. 
Neglecting the spectrum of the scene, i.e., the siammation over i , 
the first aind second harmonic signal amplitudes are simply related 
to the circular Bessel functions Jj^(6) and ^ 2 ^^^ ‘ ratio 

will depend upon the value of the modulation index 6 . The values 
of Jj^(6) and plotted on a relative scale in Fig. 3.15. 

The first harmonic is more interesting from cui engineering viewpoint 
because it provides a greater S/N ( signal- to-noise ratio) for a given 
modulation index. 

Results for the experimental configuration of Fig. 3.8 are 
presented in Fig. 3.16. The camera was scanned across a single 
horizontal line (at the center of the camera apeture) amd the peak 
signal recorded. Comparing Figs. 3.15 and 3.16, it Ceui be seen that 
the behavior of the detected first hairmonic agrees reasonably well 

I with its predicted behavior; however, there is significant disagree- 

I 

* ment between the theoretical and experimental behavior of the second 

harmonic term. This is attributed to the upper 3 db point of the 
lock-in amplifier being the same as the heterodyne frequency used 


for these experiments — 150 kHz . 
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Modulation Index , 6 (Dimensionless) 


Figure 3-15. and ^2 Vs. Modulation Depth 6 


PAR HR-8 Lock-In Amplifier Output (Volts) 
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First and Second Harmonic Signal Amplitudes Vs. EOM 
Drive Voltage, kHz. 


Figure 3-16. 
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A direct compcurison of the heterodyne detector output for first 
and second harmonic detection is shown in Fig. 3.17. In general ^ 
the waveforms are similar but not identical, and the S/N is lower 
at the second harmonic than at the fundamental. This is in accord 
with the results of Section 3.3.2. It is interesting to note that 
although the S/N at the second harmonic is much lower than at the 
first harmonic, the recorded interference patterns are very similar 
(see Fig. 3.11), indicating the difficulty in predicting the quality 
of a reconstructed image by simply analyzing waveforms. 

3. 3. 3. 2 Heterodyne detection using a PAR 5202 . The Princeton 
Applied Research Model 5202 lock-in amplifier covers an operating 
range of 0.1-50 MHz, which includes the range of frequencies of 
interest for real-time hologram recording. However, the maximum 
bandwidth of the lock-in is only 100 Hz which so restricted the 
video scam rates usable that a single interference pattern took 
over 10 minutes to record with the Model 5202. (The Model HR-8 of 
Section 3. 3. 3.1 took 10-30 seconds using a detector bandwidth of 
10 kHz.) As a result the lock-in amplifier bandwidth versus scan 
rate performance was not examined. Instead, this lock-in was used 
to examine the detected interference pattern as a function of het- 
erodyne frequency. Results for heterodyne frequencies up to 5 MHz 
are reported in Fig. 3.18. In general, the detected interference 
pattern did not change significantly except for a frequency depen- 
dent d.c. offset in the lock-in output. This d.c. offset was nulled 
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Figure 3-17. Single Line Scans of Interference Patterns For First. 

And Second Harmonic Detection Using a PAR HR-8 Lock-In 
Amplifier (f^=75 kHz). 
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out and the a.c. waveform recorded to produce Fig. 3.18. 

The uniformity of the detected interference patterns for 
heterodyne frequencies up to 5 MHz is in accord with the noise 
spectral analysis of Section 3.3.2. The more interesting hetero- 
dyne frequencies above 10 MHz, where the system noise is decreasing, 
were not measured due to frequency limitations of the electro-optic 
modulator drive electronics. 

3.4 Summary and Remarks 

A theory of electronic recording of optical holograms that is 
compatable with existing television technology has been developed 
and preliminary experimental evaluations have been performed. This 
concept, known as electronic heterodyne holography, utilizes phase 
modulation of the hologram reference wave to produce a time- 
dependent holographic interference pattern. This interference 
pattern is created in an in-line (Gabor) geometry so as to place 
the image terms within the resolution capabilities of the camera. 
Creating a hologram in this manner results in spatially overlapping 
self- and cross-interference terms; however, these terms are separa- 
ble in the frequency domain because of the phase modulation. A non- 
integrating camera and heterodyne detection may be used to select 
only the cross-interference term which may be electronically pro- 
cessed and converted back into an optical image by an appropriate 
display device. 

Experimental verification of electronic heterodyne holography 
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has been undertaken. A ITT Image Dissector camera has been used 
with commercial lock-in amplifiers to record simple interference 
patterns in typical hologram recording geometries. Detection of 
first and second harmonic signals was done to provide confirmation 
of the separation of self- and cross-interference terms via phase 
modulation of the spatial reference wave. 

This experimental work will be continued to the actual recording 
of a hologram of a three-dimensional solid object in the geometry 
of Fig. 3.1(b). This experiment is currently being assembled and 
results are expected within several months. Concurrently ^ a spe- 
cialized instrument for real-time acquisition of holograms is under 
development (Appendix II) . 

The possibility of real-time recording of holograms will be 
the basis for additional theoretical work. In particular, two 
avenues of resecurch are anticipated: One, electronic processing of 

recorded holograms; and, two, real-time holographic display of re- 
corded holograms. The electronic processing of holograms will con- 
centrate upon the synthesis of wide-perspective holograms from 
several narrower perspective electronically recorded holograms. 

Recent developments in spatial light modulators make the real-time 
display of hologrcuns a definite possibility. Commercially available 
spatial light modulators will be examined with regard to their 
potential use as real-time displays for electronically recorded 
holograms . 
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In conclusion^ electronic heterodyne holography appears to be 
a viable technique offering unique opportunities for electronic pro- 
cessing and display of three-dimensional images in a television-like 
format. 
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Appendix 3.1 


EQUIPMENT SPECIFICATIONS 

A3. 1.1 Image Dissector Camera 

The Image Dissector camera used in the hetrodyne holography 
experiments reported in Chapter 3 is a type F5005 manufactured by 
ITT Electro-Optical Products Division. The F5005 camera uses a 
F4011 magnetically focused, magnetically deflected photomultiplier 
tube having a S20 spectral response. The F4011 tube is essentially 
a X-Y scannable photomultiplier tube with a 1.0 inch diameter 
photocathode . 

The anode photocurrent is converted into an output voltage by 
an internal amplifier with a bandwidth of 250 kHz. For hetrodyne 
holography applications this integral amplifier was replaced by a 
wide -bandwidth amplifier. It is the response of this cimplifier 
(-4db & 10 MHz) that limits the camera's overall frequency response 
as the F4011 tube is usuable to approximately 25 MHz. 

The excellent high frequency response of this tube combined 
with the wide bandwidth video amplifier allow the camera to be used 
at hetrodyne frequencies greater than 5 MHz, a prerequisite for real- 
time recording of holograms (using NTSC scan formats and rates) . 

The spatial resolution of the F4011 is extremely good (-3db @ 40 
line pairs/mm) and is usable to 70 line pairs/mm. 

The manufacturer's specifications for a typical F4011/F5005 
are reproduced in Table A3.1. 
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Table A3.1 SPECIFICATION OF ITT F4011 IMAGE DISSECTOR TUBE 



VIDISSECTOii! > 
IMAGE OISSECTOi . 


GENERAL DESCRIPTION 


• Hj|k Resohitkm 

65-75 Lp/mm limitiai 


• Hi|6 PlK>toc«diode Quantum 
Effickacy 


Tile F4011 md F4011RP ate M/2 inch diunetcr, 
magnetically focused, mavnetically deflected imagt 
dtaectoffs. These hnafe dinecton are available with a wide 
vviety of aperture shapes and sizes having dimensions from 
0.0005 inch to 0.30 inches. Photocathodcs of the SI, Sll, 
S20, and S25 types can be provided. Each tube is supplied 
with an individually meaured absolute spectral retpofiae 
cum. 


• NoihStorage 


• Low Dark Current 

Typically Kr^^Ampcfei at 
5x lO^GMn 


• Wide Dynank Range 
10*^ Amperes 
>10'^ Amperes 


• Low Power Requirements 


The F4011 RP k used in applications whkh require 
very low dark rates as in pulse counting, or whenever 
faceplates other than clear glass are required such as fiber 
optics, quartz, or MgF 2 « 

The salient features of the Vidissector image dissector 
are its inherently high resolution, determined primarily by 
the aitt and shape of the aperture; nonstorage, allowing 
random or variable scan rates without changes in the signal 
amplitude, reliable operation because of simple rugged 
construction and lack of a thermionk cathode. The 
Vidiasector camera tube also has a linear dynamic range of 
several orders of nugnitude, and a Potsson-like pulse hei^t 
datributioo in the sin^ photoelectron counting mode. 


• Rugged Construction 


# Electron Counting Capabiity 






F4011/F4011RP R-70 


ELECTRO-OPTICAL PRODUCTS DIVISION ITT 
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Table A3.1 (continued) 


MECHANICAL CHARACTERISTICS 


GENERAL CHARACTERISTICS 


Aperture Size 

StUMM (Note 1) . . . .O Wl Inch ± 0.(KX)1 Inch Round 

Mintmun 0.0005 Inch 

Maximuin (Note 2) 0.300 Inch 

Facq>late Flat, Surfaces ParaBel ± 0.001 Inch 

Material (Note 3) Boroaflicate Gteai, Cominf 

7056 or Eqiihralcnt 

Thkknesi 

F4011 0.080 ± 0.005 Inch 

F401 IRP 0.125 ± 0.005 Inch 


Physical Dh u cn ai oui 

Overall Length 8.20 Indi 

Bulb Diameter IJOO Inch Max. OD 

Maximim Diameter (Note 4 ) 

F40II 1.54 Inch 

F4011RF lJ56Inch 

Weight (Approximate) 5.5 Ounces 

Base 14 Pin - Sec Figure 

Base Connector (Note 5) ITT - 471 1619 (Teflon) 

Burrou^ — SKI 12 Mica-pbenolic 
Operating Portion Any 


TYPICAL OPERATTNC CONDITIONS 
(Voltages With Respect to Drift Tube) 


Photocathode -600 Vohs 

Dynode 1 (Notes 13, 14) Oto -40 Volts 

Dynode 2 (Note 14) 0 to ^140 Volts 

Anode (Note 16) 1400 Volte 


Anode with Respect to 

Dynode 10 (Note 15) 430 to 4200 Volte 

Focus field strength (Note 17) 40 Gauss 


Photocathode Semitransparent 

Spectral Response (Note 6 ) 

F4011 ^11 

F4011RP 820 (H%h Conductivity) 

Okntttr 1.03 1 0.03 Inch 

Quality Diameter (Note 7) 0.825 

Aperture Collection Efficiency Approximate) (Note 8 ) . 65% 

Focuang Method Magnetic 

Deflection Method Mapietic 

Multiplier 

Structure Box and Grid 

Stages (Note 9) lo 

Internal Divider 

Resiston (Note 10) 7 - 2 J Megohm 

1/8 Watt, 1% 

Ag-Mg 

Interelectrode Capacitance 

Anode in all Electrodes 2.5 pF 

Anode to Dynode 10 1.4 pF 


MAXIMUM RATIN(;S (ABSOLUTE MAXIMUM VALUES) 
Average Photocathode current density (Note 11 ) 


Peak anode current (Note 12) 0.5 mA 

Average anode current (Note 12) Q.3 mA 

Photocathode to anode voltage 3000 Volte 

Drift tube to photocathode |000 Volte 

Drift tube to dynode 1 ± |00 Volte 

Between any pair of dynodet 250 Volte 

Dynode 10 to anode soo Volte 

Temperature 70 ® q 


r40ii 


r40iifie 



Figart la 


Figure lb 
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Table A3,l (continued) 


PERFORMANCE CHARACTERISTICS AT S x 10^ GAIN FOR A 0.001 INCH APERTURE TUBE (NOTE IS) 



NOTES 

MTOMUM 

TYPICAL 

MAXIMUM 

EMctroa mallipUcr toI^|c required for q>«cifiod pirn 

19 

1000 

1400 

2000 Volta 

D«k ciuTcnt at specified gate 


- 

10-10 

5 X 10*^ Amperes 

MuitipUer boidwidth (-3 db) 

20 

- 

22MHx 

— 

NoMetetor 

Pbotocatbode himiDoas louitMty 
S-11 

21.22 

30 

40 /iA/bnaea 

4.0 

S-20 (hifli coodttctirity) 


120 

150/iA/lumefl 

1 

Pbotocathode ndinit senathrity 
S-11 at 440 OD 

22 


32 mA/Watt 


S-20 (Ugh coodncthrity) at 420 nm 


- 

55 mA/Watt 

- 

RcaoUtioo (Pcfcent ModulatkM) 
lOOOTVL/inch center 

23 


60 


1000 TVL/mcli edge 


- 

40 

_ 

1600TVL/mch center 


— 

20 


1600 TVL/iKh edge 


- 

10 

- 

Umformity 

Photocatbode (quality diameter) 
Output (quality diameter) 

7.24 

13 

85 ±15% 

95±5% 

90110% 
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F4011/F4011RP B-7D 


Table A3.1 


(continued) 


NOTES 

TW F4011 uid F40IIRF are airailible with apcftyre 
iiaea and thapce vaiyinf within the dhncnaioiial hmiu 
of 0.0005 inch and 0.300 incli. Moat round apeftuift 
are available hi 0.001 inch incremefiti up to 0.020 inch 
and 0.01 inch incrcnieiitf up to 0.100 inch. One time 
artwork and tooling coata may he involved if 
yg hd imd daca or ahapra are nquktd. 

For aperture ataea freaier than a060 inch the 
multiplier output may vary m much aa ± 25% when a 
0.001 hKh ipot of photodectrona acana hinde the 
aperture. 

The F4011RT ii abo mdable with Bber optk, cpimti 
and MgF2 breplafea 

Indndm the phococathode contact and flying lead. 

A teflon Bochet. flT F/N 4711619 h normally 
■ipplied with each tube. The Boirou^ SK112 
(BMdified) cmi abo he wpplied if requeated. 

The F4011 b abo avaflabb with an SI photocathode. 
The F4011RF b abo avadabb with an S25 
photocathode. Uae of MgF 2 or quartz beepbtea aud 
S20 or S25 photocaChodci caa provide as omch ae 
20-3^ Q-£. at 254 am. For details, please coonit 
ITT-ETD Tube and Sensor Laboratory. 

Thb b a convenient dbmelcr over whbh leaolnlion, 
uniformity, and geomctikal dbtortioM wifl be 
qnrificid 

Thb b the appronbaale Waanmbrinn betor of the 
photoebetron accelerator mcdi. Higher tranamimioB 
mcibci, up to 80 or 90%, can be provided m large 
•pertnre tubes with an aocoapanying Una in deflnition 
of the aperture edge. 

Feww mimber of dynodm can be nipplied on ipecU 
order. Sec Note 10. 

Becanae of the limited number of plus b the lube 
bnae, b b ueccamry to kaclude a portion of the 
election multipier voltage divider huide of the lube. 
The ftandard conflation b 7. IS megohm, 1/8 watt 
carbon film reabton. A 9 Wage electron amltiplier can 
be provided without btcnal reabton. 

The maximuni recommended pbotocathode current 
dendtice averaged over tbe entire pbotocathode area 
for 1 eecond are: 


• ••' IdMern^ 

* • 3 piA/cm^ 

S>20 (lu^ coodnetbily) S>10 /lA/cm^ 

^25 5-10/iA/cm^ 


12. For a maximum of 10% departure from linenrity of 
output current vi input flux tbe dynode volt^ divider 
hm latioe of 1:1:1: ... 1:1:5:3. The bet two dynodcs 
are bypaamd or connected to power nippliet. Thb 
limit b achievabb only m tubes with a nmximum of 4 
btemal resbton and al reabton located before 
dynode 6. 

13. A Beptbe potential on dynode I prevents aecoodary 
electrottt formed inaide the drift tube from enlerii^ 
the aperture and striking dynode 1. If allowed to enter 
the aperture and strike dynode 1, these secondaries 
appear at the anode as a non-zero signal b the black 
portioni of the hnage. 

14. Frovbton ihould he made to aOow static ad^ustroenl of 

dynode 1 and 2 poleatbb over the range b 

order to nunbiiif the output 

15. Adpistcd for maximum multiplier gab. In general, 
bim dynode 10 voltages favor increased multiplier 
gab. The limit b dynode 10 voltage reduction b let 
by the linearity requireincntB at high sipal cunenla. 

16. For a noounnl 5x10^ pb. 

17. First loop focus. Uae of second loop focus (*^80 
Gaiin) fottlu b impoved mdulioB off axb. reduced 
awipiatism, and better geometrical acan accuracy with 
bcrcaaed power lequbemcnta. 

18. Ubng nr F4533 or F4534 Defbetioo Amcmbly. 

19. Ibbg dynode voltap dbidcr dwwn. 

20. By frequency spectrum analybs of the photocunent 
bMW Bobe at 100 volts/stap The bet tbee dynodes 
are hypnmed by 0.05 /d. Thb me am r emen t was made 
on tubes havbg two bteraal reabton between dynodcs 
4. 5 and 6. 

21. For thb teat, the light incident upon and normal to 
the plane of the pbotocathode b 2854^^ color 
temperature bngslen lamp radbtbn, pneraBy ai 


lumen. 




Minimum 

Typical 

S-1 

12iiA/himen 

20 /iA/himan 

S-25 

150 ^/huDcn 

200 /iA/lumen 


21 Each F4011 and F4011RP aold by ITT b nippibd 
with an bdbkbd measurement of pbotocathode 
sensitivity b mA/watt vi wavebngth and /iA/lumen, 
each traceabb to the National Bureau of Standards. 

23. Mcantred Mb| a aqnare wave bar chart. 

24. The 100% regioo usually occun b the cenwal portion 
of the **aaii*^ area and the 70% oocun around the 
periphery. The curvature of the shading b usually of 
one sign. Output uniformily bcludm c athod e 
uaiformity. 
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The F5005 camera contains a F4011 tube with all necessary 
focusing and deflection electronics. Low level signals (^10 volts) 
are sufficient to scan the camera t\ibe over its entire apeture. For 
the experiments described in Chapter 3 the camera was scanned over 
a non-interlaced grid of 256x256 picture elements. The appropriate 
scanning signals as well as blanking were digitally produced and 
applied to the camera control inputs via digital/analog converters. 

The conversion time of the presently used digital/analog converters 
limits the camera's recording speed to approximately ten 256x256 
picture element holograms/second. 

A3. 1.2 The Hetrodyne Detector (Lock-In Amplifier) 

Two hetrodyne detectors, or lock-in amplifiers, have been used 
to record simple interference patterns as described in Chapter 3. 

These particular lock-in amplifiers are the Princeton Applied Research 
Models 5202 and HR-8. To be usuable for NTSC format recording of 
holograms at television rates a lock-in amplifier would be required 
to have a frequency range of 5-15 MHz with a bandwidth of 4.5 MHz 
(0.22 micro second time constcuit) . Such a lock-in amplifier is also 
desirable for reducing hologram recording time minimizing suscepti- 
bility to acoustic noise and mechanical vibrations. Referring to 
Table A3. 2, a tabulation of the performance specifications of com- 
mercially available lock-in amplifiers, no lock-in amplifier meets 
these particular performcince specifications. The Princeton Applied 
Research Model 5202 can operate at frequencies as high as 50 MHz but 
has a bandwidth of only 100 Hz (time constant = 0.01 second) • This 
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* 

Table A3. 2 SPECIFICATIONS OF COMMERCIAL LOCK-IN AMPLIFIERS 



* I 

Reiser, Chris, "Trade off with lockins," Laser Focus , October 
1978, p. 68. 
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instr\jment was used to record simple interference patterns with the 
results of Chapter 3 and represents the highest frequency lock-in 
amplifier commercially available. A complete list of its performance 
specifications may be found in Table A3. 3. 

The Princeton Applied Research Model HR-8 is no longer commercially 
availeible but has the widest bandwidth available (10 kHz with time 
constcUit=OFF) . Among the lock-in amplifiers tabulated in Table A3. 2 
only the Ithaco 391A has a comparaible beindwidth (8 kHz) . The complete 
specifications of the Model HR-8 are presented in Table A3. 4. 
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Table A3. 3 SPECIFICATIONS OF PRINCETON APPLIED RESEARCH 

MODEL 5202 LOCK-IN AMPLIFIER 


SIGNAL CHANNEL 

FREQUENCY RESPONSE 100 kHx to 50 MHz 

GAIN BANDWIDTH LINEARITY: Ftot. from 300 
kHz to 10 MHz, to within ±0.5 dB 

SENSITIVITY: 8 full-tcole rangts from 100 to 250 
mV in 1-2.5-10 wqutnct. Two output txpantion 
of XI and X10 incrtaw the overall tantitivity 
to 10 pV full icale. 

INPUT: Single-andad. with auxiliary ground Hig 

INPUT IMPEDANCE: 50 n. VSWR <1.2 

MAXIMUM ALLOWABLE INPUT SIGNAL: B V rmt 
or 10.000X full Kale (whichtvar if left) 


MAXIMUM INPUT BEFORE OVERLOAD 200X full 
•cale; expandable to 2000X full scale 

INTERNAL NOISE Lets than 10 nV/Hz^. 100 kHz 
to 50 MHz 

COHERENT PICKUP; Lest than 5% of full scale worst 
case (SO MHz on the most sensitive range) 

CAIN STABILITY; Better than 0.2%/ *C 


REFERENCE CHANNEL 

FREQUENCY RANGE: 100 kHz - 50 MHz in 9 
overlapping ranges, seleaable with front*par>el switch. 

INPUT REQUIRED: The refererKe channel locks to 
virtually any external voltage having amplitude excur- 
storn of at least 300 mV pk-pk. Front-parwl reference 
and slope pushbutton controls enable phase lock to 
optimum point of the referertce waveform. The 
front-panel REFERENCE UNLOCK lamp indicates 
the absence of a proper refererKS input. 

REFERENCE INPUT IMPEDANCE; 50 Q (nominal) 

MAXIMUM INPUT LEVEL: 5 V peak 

PHASE ADJUSTMENT: A calibrated ten-turn poten- 
tiometer provides 0 • 100* phase shift. The accuracy 
of the phase shift is ±5* with a resolution of ±0.1*. A 
four-position Quadrant twitch provides 90* phase diift 
increments accurate to 5*. NOTE: Overall phase 
accuracy of instrument is ±15*. 

PHASE NOISE: Less than 0.035* pk-pk (100 kHz to 
50 MHz; 10 ms time constant) 

REFERENCE ACQUISITION TIME: 0.1 s max. 


PHASE-SENSITIVE DETECTORS 

DESCRIPTION: The Model 5202 feetures two fuMy- 
independent Phase-Sensitive Detectors (PSO’s) driven 
by orthogonal reference signals. Each PSD is provided 
with its own ZERO OFFSET. OUTPUT EXPAND, 
aryj TIME CONSTANT controls. allowir>g each to be 
independently optimized for the signal undergoing 
analysis. Wide variations between in-phase and quadra- 
ture signals can therefore be readily measured. 

DYNAMIC RESERVE: Defirwd as the ratio, at the 
input of the Model 5202. of the maximum peak sigrml 
(rv>n-coherent and outside the passband) that can be 
applied without overload, to the peak coherent signal 
required for full-scale output. The OUTPUT EXPAND 
twitch permits output stability to be traded for 
overload capability, at indicated in Table IM. 


OUTPUT EXPAND OUTPUT STABILITY DYNAMIC 

SETTING (%/ *C of Output f.s.) RESERVE 

XI 0.05 200X FS 

X10 0.50 2000XFS 

NOTE; FS ■ full-scale sensitivity setting divided by the 
output expand setting. 

Table 11-1. DYNAMIC RESCRVC AND OUTPUT STABILITV 
AS A FUNCTION OF OUTPUT EXPANSION 

FILTER TIME CONSTANTS: The two outputs are 
provided with switch-selectable choices of four time 
constants. 10 ms. 100 ms. 1 s. and 10 s. plus a MIN. 
position in which the time constant is less than 1 ms. 
An additional dc prefilter switch insens a 250 ms filter 
after the main Time Comtant filter. 

DC ZERO OFFSET; Calibrated 10-turn potentiometer 
is provided for each channel permitting up to ±10 
times full scale to be suppressed. Suppression polarity 
selected by front-par>el pushbunons. 

OUTPUTS 

METER READOUT: Two meters are provided, orw 
for each chanrwi. They are calibrated to provide 
full-scale defleaion with a properly phased full-scale 
signal at the input. The left meter can be switched to 
monitor the in-phase signal, or. if the Vector Phase 
option has been installed, the vector magnitude The 
right nwter monitors either the amplitude of the 
quadrature signal or the phase of the input signal with 
respect to the applied reference (Vector phase option 
installed). Either meter can monitor the amplitude of 
a dc Signal (externally derived or output of Ratio 
option, if installed) applied to a rtar-parsel connector. 
External Meter mode sensitivity is 1 V f.s. (1(X) #iA 
movement through 10 kQ). 

RECORDER OUTPUT: Front and rear-panel I and Q 
OUT connectors are provided to interface to standard 
recorders. Output is 1 V f.s. through 600 U*. 

*Ape' 0 «>m«taiv a xll i«« ••riv unita. 
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Table A3. 3 (continued) 


f^ATIO OUTPUTS: Rtar-p«nt< BNC oonntctor out* 
put! art alto providtd for iht Victor Phaia and Ratio 
Options as dtscribad undtr OPTIONS. 

ACCESSORY INTERFACE: A rtar-panil cardadgt 
connictof allows ptriphtral inttrumantation to ba 
powarad from tha Modal 5202. ♦IB V, -15 V, and 
ground ara providad. 


GENERAL 

INDICATIONS: Six front-panal indicator lights dafina 
tha oparating statas of tha lock-in amplifiar. 

(1) OVERLOAD: Irxlicatas that an ovarload condi- 
tion axisti in one or more of the critical amplifier 
circuits. 

(2) UNLOCK: Indicates lack of an adequate external 
reference signal as defined in the reference 
spacificatiom. or that tha frequency range setting 
it incorrect. 

(3) OUTPUT EXPAND: Indicates that tha input 
tensitivity is increased by a factor of ten. One 
indicator is provided for each output channel. 

14) NEGATIVE PHASE: In units equipped with 
Vector option, indicates that Input Signal lags 
Reference Signal (Phase controls to 0*) by angle 
in range of 0* to -180“. 

(5) ERROR: Indicator lights if vector magnitude 
and/or phase buttons are depressed arxJ any of 
tha followifsg conditions exist. 

(a) In-phasa arxf quadrature time constants ara 
not equal. 

(b) In-phase and quadrature output axpamions 
ara not equal. 

(c) All Tima Coristant pushbuttons released 
(gives time constant of nominally 1 ms). 

(d) Output Offset in use. 

(a) Vector option board not installed. 

AMBIENT TEMPERATURE RANGE: The instrument 
can be operated at temperatures ranging from 15**C to 
45® C. 

AUXILIARY POWER OUTPUT A rear panel connec- 
tor provides c15 V (1(X) mA) and ground. 

POWER REQUIREMENTS: 100 to 130 or 210 to 260 
V ac. 50 to 60 Hz: 50 wans. 

SIZE: 17-1 '2" W x 5 1 T* H x 19 1 2" D (44.5 cm W 
X 13.9 cm H X 49.5 cm D) 


OPTIONS 

MODEL 5202'95 VECTOR PHASE OPTION Direct 
meter readout of the computed magnitude and phase 
angle of the input signal with respect to the reference 
input. Full continuous 360® phase measurtment is 
accomplished by means of a front -panel meter ar>d a 
rsegative phase indicator lamp Rcar-par>e) MAGNt 
TUDE and PHASE output BNC connectors are pro 
vided. allowing convenient monitoring or recordirtg 
Vector Phase specifications follow. 

(1) PHASE ANGLE OUTPUT VOLTAGE 1.8 V ahead of 
600 0 for 160*; Lirsearity ±0.2®; accuracy ±0.2®: 
Trartsfer fursction of 10 mV/*. 

(2) MAGNITUDE OUTPUT VOLTAGE; 1 V f.s. 
ahead of 600 O. Linearity ±0.1%; Accuracy 11%. 

MODEL 5202/96 RATIO OPTION: Option operates 
on dc levels (A & B) applied to rear-partel conrsectors 
and computes A/B. log A. or log A/6, as seleaed with 
a rear-panel toggle switch. Applied inputs can be I and 
Q outputs. Computed funaion is provided at rear- 
par>el Ratio OUT oormector. Ratio can also be 
indicated on front panel meter by making use of the 
EXTERNAL METER input capability. Ratio specifi- 
cations follow. 


(1) Input Voltage Range: 10 mV • 1 V 

<2) Input Offset (maximum): ±250 iiV 

(3) Input Offset Temperature Coefficients ±15 
pV/ *C 

( 4 ) Output Voltage. LINEAR. ♦! f.t. (unity). LOG. 
0.5 V/decade with 40.5 V of offset 

(5) Log Range 3 decades 

(6) Ratio Accuracy: A function of the denominator 
voltage as follows. For A/B. ±0.4^. from B • 
0.1 V to B - 1 V; ± 4 % from B - 0.01 V to B - 
0.1 V. For Log A. computed function is withm 2 
mV of correa value. For Log A/B. computed 
furKtion is within 2 mV from B • 0.1 V to B ■ 
1 V; computed fursction is within 10 mV from B 
-0.01 VtoB-0.1 V. 

ACCESSORIES 

MODEL 115 HIGH FREQUENCY PREAMPLIFIER: 
Refer to P.A.R.C. literature T220D and TNI 15 for 
complete specifications on the Model 115 preampli- 
fier. 


WEIGHT 35‘bs:i5 99kg... 
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Table A3. 4 SPECIFICATIONS OF PRINCETON APPLIED RESEARCH 

MODEL HR-8 LOCK-IN AMPLIFIER 


INTROOUCTION: 

The PAR Model HR-8 Precision lock-ln Amplifier 
is essentially a detection system capable of operating 
with an extremely narrow equivalent r>oise bandwidth. 
Its fufKtion is to select a band of frequertcies from 
a signal spectrum applied to its input circuit and to 
convert the information therein to an equivalent 
bandwidth at dc. The basic element of a Lock-In 
Amplifier is a phase-sensitive detector in which the 
signal voltage is mixed with a reference voltage, 
producing sum and difference frequencies. A low-pass 
filter at the output of the mixer rejects the high fre- 
querKy components corresponding to sum fre- 
quencies. and passes the difference frequencies that 
lie within Its passband. In particular, the difference 
frequency due to components of the signal at the 
reference frequency is zero or dc. Difference fre- 
quencies resulting from components of the signal 
spectrum at frequencies differing from the refer- 
ence frequency by more than the cut-off frequency 
of the low-pass filter will be attenuated. Consequently, 
the output from the low-pass filter wilfbe due to that 
portion of the signal spectrum which lies about the 
reference frequency within a passband determined 
by the low-pass filter. 

MAIN FRAME SFKIFICATIONS 
FREQUENCY RANGE: Continuously tunable from 1.5 
Hz to 150 kHz in 5 ranges. Calibration accuracy within 
±5%. 

NOISE REJECTION: A signal 59 dB below ambient 
white noise in a 1 kHz bandwidth centered about 
signal frequency can be recovered with a signal-to- 
noise ratio of 1. 

EQUIVALENT NOISE BANDWIDTH: 0.00125 Hz min- 
imum (100 seconds maximum internal RC integrating 
time, 12 dB/oct.) 

FILTER TIME CONSTANTS: 0. 1, 3, 10, 30, 100, 300 
milliseconds; 1, 3, 10, 30, 100 seconds ard EXT. 
position which allows capacitance to be added to 
rear connector to obtain any desired time constant. 
6 or 12 dB/octave roll-off selectable by front panel 
switch. 

ZERO SUPPRESS: Calibrated control permits off-setting 
zero by ±1000% of full scale on any range. 
LINEARITY: ±0.1% of full scale. 

SIGNAL CHANNEL CHARACTERISTICS: Active notch 

filter In rtegative feedback loop with nominal Q of 10. 
Calibrated front panel adjustment allows Q to be 
varied from 5 to 25 with no change In gain 
REFERENCE CHANNEL CHARACTERISTICS: The refer- 
ence signal, by which the signal to be measured is 
demodulated, is obtair>ed by four modes of operation. 
INTERNAL: internal oscillator drives the demod- 

ulator and presents a continuously variable 0-1 V 
rms (open circuit) signal at the REF. IN /OUT Con- 
nector. The source imp>edance is a constant 600 
ohms. 

EXTERNAL: Phase control not operable. Requires 
externally generated signal of 1 V peak-to-peak 
minimum level which crosses its mean value only 
twice each cvcie with eoual tirr>e between crossinos. 

— SELECTIVE EXTERNAL: Externally generated refer- 
ence signal filtered by tuned amplifier with a Q of 
10, phase shifted and applied directly to demod- 
ulator. Minimum of 25 mV rms signal required. 
AUTOMATIC: Any waveform which crosses its mean 
value only twice each cycle, and for which the 
smaller of the two mean-to-peak excursions is at 
least 500 mV. The Instantaneous value of the 
waveform must not exceed ±100 volts. 


PHASE ADJUSTMENT: Calibrated 360* phase shifter, 
accurate to ±5*. Differences in phase shift between 
signal and reference channels may be in excess of 5* 
on the XI and XI 0^ frequency ranges. 

DC OUTPUT STABILITY: 0.1% of full scale in 24 hours 
with constant ambient temperature. 

OUTPUT (located on rear): Single-ended with respect 
to ground. Panel meter (V»% mirror scale with either 
center or optional left-hand zero) full scale corresponds 
to ±10 volts at output terminal. Adjustment allows 
output source impedance to be varied from 7K-22K 
ohms which permits driving either ±16 ma recorders 
with internal resistance less than 10 K or ±1 ma re- 
corders with Internal resistance less than 3 K as well 
as servo-type recorders. 

MONITOR: A five position switch allows the panel 
meter and rrK>nitor output terminals to be switched 
to SIGNAL. REFERENCE. OFF, MIXER (OUTPUT) and 
OUTPUT to allow monitoring and adjustment of critical 
points. 

INTERNAL CALIBRATOR: Provides 21 square wave 
output levels extending from 20 nanovolts to 100 
millivolts, accurate to within 1%. 

NOTE: At frequencies above 50 kHz. calibrator out- 
puts below 1 mV may be in error by more than 1%. 
The use of external d^ade attenuators is recommended 
for applications where this might present difficulty. 
POWER REQUIREMENTS: 105-125 volts or 210-250 
volts; 50-60 Hz; 25 watts. 

SIZE: 19'' wide x 7" high x 15%" deep 
WEIGHT: 41 lb. 

WARRANTY: 1 year 
PREAMPLIFIER SPECIFICATIONS: 

GENERAL: These preamplifiers are intended for use 
with the Model HR-8 Lock-In Amplifier. They can be 
plugged directly into the Model HR-8 main frame or 
operated remotely (with the purchase of a remote 
adapter kit.) In either case, the preamplifier is powered 
from and controlled by the Model HR-8. The follow- 
ing specifications refer to the performance of the 
individual preamplifier when used with the Model 
HR-8 

TYPE A PREAMPLIFIER: The Type A Preamplifier is a 
high input impedance low rK>ise front end for the 
Model HR-8 used to obtain optimum signal-to-noise 
ratios for source impedances above 3 K. 

SENSITIVITY: 21 ranges, from 1(X) nanovolts rms 
full scale to 500 millivolts rms full scale, in a 1-2-5 
seauence. 

FREQUENCY RANGE: 1.5 Hz to 150 kHz 
INPUTS: Differential or single-ended. Common mode 
rejection is in excess of 60 dB at 1 kHz. 

INPUT IMPEDANCE: Each input to ground. 10 meg 
ohms shunted by 20 pf 

NOfSi: High sensitivity settings (100 nV to 50 mV), 
noise figure for either (single-ended) input shall be 
better than 0.5 dB for a 100 k source at 1 kHz. For 
low sensitivity settings (100 mV to 500 mV), the In- 
ternally generated rtoise shall result in a meter de- 
flection of less than 1% (RAAS) of full scale with a 
time constant settirtg of 1 sec 6 dB/oct., at any op- 
erating frequency above 15 Hz. Refer to Fig. 1-1 
for noise figure contours. 
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4. SUMMARY AND CONCLUSION 

This report has presented the result of a continuing research 
cuid development program the objective of which is to develop a re- 
duced bandwidth television system and a technique for television 
transmission of hologrcotis. The result of the former is a varicible 
frame rate television system (VFTV) ^ the operation of which has 
been demonstrated for both black-and-white cuid color signals. This 
system employs a novel combination of the inexpensive mass storage 
capacity of a magnetic disc with the relicUbility of a digital system 
for time expansion and compression. Also reported have been the 
results of a theoretical analysis cUid preliminary feasibility experi- 
ment of an innovative system for television transmission of holograms 
using relatively conventional TV equipment along with a phase modu- 
lated reference wave for production of the original interference 
pattern. Work which is expected to lead to a capability for pro- 
duction of wide perspective holograms by combining several narrow 
perspective views is proceeding at present. 
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